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Abstract
Abstract
This thesis investigates the feasibility of using ion beam analysis (IBA) 
techniques for the characterisation of gunshot residue (GSR) in forensic 
casework. GSR is an important type of trace evidence used to link suspects to 
shooting incidents. The current forensic procedure for GSR analysis utilises 
scanning electron microscopy with energy dispersive X-ray spectroscopy 
(SEM-EDS), but this lacks sensitivity to important trace elements when 
compared with IBA. In this thesis, the development of a new protocol for GSR 
analysis by IBA is described, including a robust particle relocation method, an 
efficient spectral fitting process and the implementation of a background 
subtraction procedure. Canonical discriminant function analysis (CDFA) is 
employed to demonstrate the ability of IBA to discriminate between different 
brands of ammunition in a way not currently possible using existing GSR 
casework methodologies. A database of results for GSR particles collected from 
cartridge cases and hands is presented along with a discussion as to how it would 
be best utilised in a casework scenario. An investigation into how IBA can be 
applied to lead-free ammunitions is also presented. These ammunitions are 
known to produce particles that are problematic for forensic examiners to 
positively identify as being GSR. IBA is shown to increase the evidential value 
of such particles due to the higher sensitivity of IBA when compared with 
SEM-EDS. DBA is shown to offer improved discrimination between all types of 
ammunition using methods that would not require any alteration to well- 
established sample collection and preparation procedures.
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Chapter 1 - Introduction
Chapter 1 - Introduction
Forensic science has long been a formidable weapon in the fight against crime. 
Police forces worldwide now have access to a vast array of powerful analytical 
techniques to maximise the information that can be gleaned from every piece of 
evidence. Much of forensic analysis is carried out on what is known as trace 
evidence, tiny pieces of physical evidence including soil, glass, paint, hair, 
textile fibres and explosive residues. These are often transferred through physical 
contact that can be used to infer the physical presence of an item or indeed 
person at a scene of crime. The importance of trace evidence analysis was 
highlighted by the renowned 20* Century forensic scientist Edmond Locard’s 
principle, “with contact between two items, there will be an exchange” (1).
Gunshot residue (GSR) (also known as firearm discharge residue and cartridge 
discharge residue (2)) is one type of trace evidence that is of great evidential 
value to a forensic investigation (3). GSR is formed as a result of the high 
temperature and high pressure processes immediately after a gun has been 
fired (2). When the trigger of a gun is pulled, the hammer falls and drives the 
firing pin into the base of the cartridge, called the primer cap. This impact causes 
the compression of the shock-sensitive primer causing it to ignite. As a result, a 
high intensity flame is forced through a small flash hole into the chamber 
holding the propellant, or gunpowder. The propellant ignites, creating a high 
pressure gas that expands and propels the bullet down the barrel and out of the 
muzzle.
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Hammer Barrel Muzzle
Trigger
gunpowder
Figure 1-1. The basic components of a gun and cartridge (4, 5)
GSR consists of small particles, typically 1-10 pm in diameter, which generally 
exhibit spheroidal morphology due to them being products of condensation (6). 
The elemental composition of GSR particles not only reflects the make-up of the 
explosive constituents of the cartridge, but can also reveal a contribution from 
the cartridge case itself along with potential contributions from the bullet and the 
gun barrel. They are particularly characteristic of the primer and typically 
contain the heavy metals lead, barium and antimony. They can be recovered 
using carbon adhesive stubs from the hands and clothing of anyone who has fired 
a gun, or been within a few metres of a gun being fired (7). Positive 
identification of GSR relies on the determination of both the elemental 
composition and the morphology of suspect particles. Finding GSR on the hands 
or clothing of a suspect strongly infers that they were in the immediate vicinity 
when a gun was fired (8).
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1.1 Motivation
The scale of gun crime in the United States of America was highlighted in 
Thornton’s article of 1994 (9). He stated that over 70% of homicides committed 
in the United States at the time were by gunshot and that if nothing was done to 
curb the homicide rate, two million Americans alive at the time could expect to 
be murdered before the end of their natural lifetime. In the UK in 2010/11 there 
were 7,024 firearm-related offences which led to 353 serious, or fatal 
injuries (10).
One of the problems currently faced by forensic investigators is the fact that 
GSR is only routinely categorised into five different types based on elemental 
composition in the UK (11). The majority of GSR belongs to 1 of 3 of these 
types, which severely limits the ability of the investigator to discriminate 
between different sources. Hence, there is a need for a more sensitive analytical 
technique than scanning electron microscopy/energy dispersive X-ray 
spectroscopy (SEM-EDS) (3), the technique currently favoured by forensic 
laboratories for the analysis of GSR.
Ion beam analysis (IBA) consists of a group of techniques that detect the 
resultant products of a target material being bombarded with high energy (MeV) 
accelerated charged particles (12). This suite of techniques provides quantitative 
information on the elemental composition of the sample, with sensitivity levels 
in the range of parts per million (ppm or pg/g) for many elements (13). By 
focussing and scanning the incident beam, spatial maps can be produced 
showing the distribution of elements laterally across the sample (14). There is
3
Chapter 1 - Introduction
rarely a need for any sample preparation which removes one potential route of 
contamination. The analysis itself is normally non-destructive, a highly desirable 
feature for any technique that is being seriously considered for forensic 
analysis (15). IBA can also be carried out in air, meaning that large and delicate 
items, or those that may not be stable under vacuum, can also be easily analysed 
(16).
Until now IBA has mainly been used in the fields of archaeometry (17-20), 
geology (21-23), electronics (24, 25) and biology (26-28), but with recent 
advances in beam optics and data handling there is a renewed interest in using 
IBA for forensic applications (29-33). Since the advent of DNA testing in the 
1990s, the police are more open to using sophisticated, often expensive 
techniques in the fight against crime (34).
1.2 Aim
The aim of this research is to investigate the feasibility of using IBA techniques 
for the analysis of GSR in future police casework.
1.3 Objectives
In order to achieve the aim, the research will include an assessment of particle 
relocation capability following SEM-EDS analysis, qualitative and quantitative 
reproducibility, and background subtraction methods (Chapter 4). The research 
will also investigate the possibility of sub-categorising GSR in the UK with the 
implementation of a database of GSR from known sources, along with an
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evaluation of the contribution of the firearm to GSR composition (Chapter 5). 
Finally, the sensitivity of IBA will be directly tested against SEM-EDS for the 
analysis of residues derived fi"om lead-fi*ee primers. This type of primer often 
produces particles that are currently difficult to positively identify as GSR due to 
the prevalence in the environment of some of their major elements, such as 
silicon and potassium (Chapter 6).
Chapter 2 of this thesis provides a review of the relevant literature in the sphere 
of GSR analysis and the current applications of IBA. Chapter 3 outlines the 
experimental theory behind the techniques used in this research, including 
particle induced X-ray emission (PIXE), Rutherford backscattering spectrometry 
(RBS) and scanning electron microscopy/energy dispersive X-ray 
spectroscopy (SEM-EDS).
Chapter 2 - Literature Review
Chapter 2 -  Literature Review
2.1 Introduction
This chapter provides a focussed review of the literature regarding the analysis 
of gunshot residue (GSR) and the applications for which ion beam analysis 
(IBA) is currently utilised. An evaluation of IBA as a tool for forensic analysis is 
also given, with a comprehensive account of the research, and real casework 
carried out to date.
There are two types of GSR, organic and inorganic (35). Organic GSR (OGSR) 
consists of burnt particles from the organic gunpowder. It is generally considered 
to be the less useful of the two due to the natural prevalence of many of the 
organic species it contains. However, some work has been done on trying to 
identify organic species that are indicative of GSR such as diphenylamine, 
methyl centralite and ethyl centralite (36). An extensive review of the methods 
used for the analysis of OGSR was carried out by Meng and Caddy (8). All 
future discussion of GSR in this report will pertain to inorganic GSR originating 
from the primer.
2.2 Trace evidence in forensic casework
Trace evidence consists of small pieces of physical evidence including soil, 
glass, paint, hair, textile fibres and explosive residues. The recovery of trace 
evidence from a suspect and/or scene of crime can provide investigators with 
vital clues as to the events surrounding a criminal incident. Currently, the way in
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which results from the examination of trace evidence are interpreted and reported 
in court is coming under unprecedented scrutiny following a landmark court 
case (37) and reports released by law enforcement authorities both in the 
UK (38) and the USA (39).
The court case R v s T  (37) resulted in a conviction for murder being overturned 
by the UK Court of Appeal due to the unreliable reporting of likelihood ratios 
based on Bayes theorem (40). Likelihood ratios had been a well-accepted tool in 
reporting complex results from forensic investigations to lay jurors in court. 
However, following the 2010 ruling all branches of trace evidence examination 
must now have a very robust scientific basis before reporting results in this way.
A UK Law Commission report published in 2011 (38) concluded that too much 
expert evidence reported to jurors did not have sufficient scientific grounding, 
and therefore conclusions were being reached based on unreliable evidence. The 
recommendation was for expert evidence to be scrutinised by a judge before 
being presented to jurors to ensure that it is sufficiently reliable. A similar report 
published in the USA in 2010 (39) found serious shortcomings in the forensic 
science system, recommending that there be stricter quality controls, more 
regulated accreditation of both laboratories and staff and more research into the 
validity, accuracy and reproducibility of forensic procedures.
Another issue gaining much attention in the forensic science literature is that of 
“individualisation”, based on the concept of “uniqueness”. Many authors (41-43) 
have acknowledged that examiners in certain branches of forensic science
7
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including footwear marks, toolmarks, odontology, firearms and even fingerprints 
have for too long claimed that they can positively identify a specific item as 
having been responsible for leaving a particular pattern to the exclusion of all 
other items. The authors argue that universal individualisation is impossible and 
that forensic examiners should present evidence in a more balanced manner, 
perhaps with the use of probabilities based on both known source databases and 
professional experience. Morgan and Bull (44) believe that the goal for forensic 
scientists should be the exclusion of unlikely sources, rather than the pursuit of 
an unequivocal positive “match”.
There is a clear need in forensic science for a systematic, empirical research base 
from which reliable conclusions can be made. Morgan et al (45) outline the need 
for experimental studies that mimic the forensic reality. In 2008, Saks and 
Faigman (46) stated that “The overwhelming majority of forensic professionals 
do not have the statistical or methodological training to do original research. 
Hence, if good science is to be brought to bear on forensic hypotheses, 
mainstream academic scientists will have to take the labouring oar.” Never 
before has the forensic science community been under so much pressure to 
provide a true scientific basis for their findings. Thus, the research presented in 
this thesis fits well with the current climate in forensic science.
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2.3 Gunshot Residue (GSR)
2.3.1 Formation of GSR
The formation of GSR occurs as a result of the intense temperature and pressure 
brought about inside the ammunition cartridge when a firearm is discharged. The 
particles of most interest to forensic examiners are those derived from the 
primer. They typically contain lead, barium and antimony. This combination of 
heavy elements is extremely unlikely to be found in a single particle from 
sources other than firearm discharge. Detection of GSR provides investigators 
with very strong evidence that the suspect had been in the vicinity of a gun being 
fired.
The most comprehensive investigation into the mechanism of GSR formation 
came in 1982 from Basu, who concluded that particles from a single explosion 
could be placed into one of three categories (6):
Category I -  small particles of diameter 2-10 pm which are formed as a result 
of the first stage of primer explosions at a temperature of 
1500-2000°C and pressure of 9500 kPa. Lead, barium and 
antimony are found to be largely homogeneous, suggesting they 
condense uniformly and concurrently. They accounted for 
60-70% of the GSR particles studied.
Category II - generally larger particles, typically 10-50 pm, with non-uniform 
elemental distributions formed after cooling from 3600°C and 
275,000 kPa. These particles are found to be nodular or contain
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air pockets as a result of rapid cooling from extremely high 
temperatures. These particles make up 25-35% of those studied. 
Category III - larger particles, typically in the region of 50 pm, which consist of 
a uniform antimony and barium core surrounded by a layer of 
lead. This is consistent with a slower cooling process, as 
antimony and barium (with melting points of 631°C and 727°C 
respectively) initially form a core with lead condensing around it 
slightly later as the temperature drops to its melting point of 
328°C. They were the rarest particles, making up just 5% of 
those studied.
2.3.2 The GSR analysis story so far
The history of GSR analysis can be traced back to 1933 when Teodoro Gonzalez 
introduced the dermal nitrate test, or paraffin test, for the detection of GSR on 
hands (47). Warm paraffin would be applied to the hands of a suspect in order to 
open up the pores of the skin, releasing any contaminants. Once the paraffin had 
hardened, diphenylamine or diphenylbenzidine would be added to the cast and 
blue colouration would indicate the presence of nitrates, believed at the time to 
be characteristic of GSR. However, over the next 20 years, the paraffin test was 
outlawed as an unreliable and dangerous method owing to the greater 
understanding of the natural prevalence of nitrates in fertilisers, nail polish, some 
pharmaceuticals, urine and even the hands of those who had recently struck a 
match (47). This possibility for false positives reduced the value of detecting 
nitrates as evidence of a gun having been fired.
10
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It was not until 1959 that Harrison and Gilroy laid the foundations of modem 
day GSR analysis by testing exclusively for the presence of lead, barium and 
antimony (48). The lead derives from lead styphnate, the explosive initiator used 
in many primers. The barium comes from barium nitrate, added to the primer 
mix to act as an oxidizer in the reactions. Antimony is present in the form of 
antimony sulphide which acts as the fuel. Harrison and Gilroy realised that the 
environmental occurrence of these elements is far scarcer than the 
nitro-compounds that had been tested for previously, and therefore finding them 
would be far more discriminating evidence. They used swabs soaked in dilute 
hydrochloric acid to swab the hands. Trimethylarsonium iodide was added and 
would turn orange in the presence of antimony. Sodium rhodizonate would be 
added next and would turn red if lead or barium were present. The final addition 
of dilute hydrochloric acid would cause a purple colouration in the presence of 
just lead.
It should be noted that the two tests mentioned so far were both bulk methods. 
The first analysis of individual particles came in 1971 when Boehm presented 
the analysis of GSR particles using scanning electron microscopy/energy 
dispersive X-ray spectroscopy (SEM-EDS), the results of which can be seen in 
Figure 2-1 (49). Boehm found that the main constituents of individual particles 
of GSR were lead, barium and antimony, and so the method of GSR analysis still 
used by forensic laboratories today was bom.
11
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Figure 2-1. The first SEM-EDS results for GSR analysis reported by Boehm (49)
A scanning electron microscope (SEM) allows the imaging of a sample surface 
by raster scanning a beam of eleetrons with a diameter of typically less than 
5 nm, giving rise to both secondary and backscattered electrons. Backscattered 
electrons are particularly useful for imaging GSR as the contrast is greatest when 
scanning heavy elements, such as lead. In addition, the incident electrons can 
induce the emission of X-rays, the energies of which are characteristic of the 
elements present in the sample. In 1987, White and Owens first reported an 
automated method for SEM-EDS gunshot residue detection, a method that has 
been continually developed since, saving many analyst man hours (50). The 
combination of high resolution imaging with the simultaneous, non-destructive 
determination of elemental composition has led to SEM-EDS becoming by far 
the most widely used analytical technique for the analysis of GSR (35).
2.3.3 Complexity of GSR analysis
The detection and analysis of GSR is highly complex. The first problem for the 
police is the fact that GSR does not remain on the hands for very long, as shown 
by Jalanti et al. who concluded that it is very unlikely to recover appreciable 
amounts of GSR after six hours had passed since firing (51). It was found that
12
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most particles were being lost between two and four hours after firing. The same 
study highlighted the problem of memory effects, as firing a heavy metal-ffee 
Sintox® cartridge still resulted in heavy metal-containing GSR being detected as 
a result of previous firings. Finding GSR on a suspect is not always unequivocal 
proof that they fired a weapon, as GSR can travel up to 10 metres through the 
air (7). Also, enough GSR remains in the atmosphere that Fojtasek and Kmjec 
were able to detect GSR on a sampling tile introduced to the scene eight minutes 
after firing (52). This calls into question the significance of simply finding GSR 
on a suspect, and was reflected in the responses to a survey by fifty forensic 
laboratories in the USA, in which none chose “the sample is consistent with the 
suspect having discharged a firearm” as the most likely wording of a positive 
result in reports (53). Eighty percent of laboratories said that the far less 
declarative statement, “the sample is consistent with the suspect having 
discharged a firearm, having been in the vicinity of a firearm when it was 
discharged, or having handled an item with GSR on it” was more likely to be 
reported.
Another important consideration for forensic examiners is; are GSR particles 
“unique”? It was always generally accepted that particles consisting of 
lead-barium-antimony with a spherical morphology were unique to GSR, with 
other particles such as lead-barium, barium-antimony and barium-calcium- 
silicon being “indicative o f’ or “consistent with” GSR. However, in 1984 a study 
by Wallace and McQuillan showed that particles produced by cartridge-operated 
industrial tools such as nail guns can be indistinguishable from GSR (54). In a 
2002 study, Torre et ai. showed that spherical particles containing lead, barium
13
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and antimony can be produced as a result of working with automobile brake 
linings (55). Brake linings can contain lead sulphide, barium sulphate and 
antimony sulphide in various combinations. They can reach temperatures of up 
to 1500°C due to friction, high enough to form condensation particles containing 
all three of the key elements for GSR identification. Residues produced by 
percussion primers used in airbag inflators have also been shown to produce 
particles containing lead, barium and antimony (56). Studies such as these 
resulted in a change of thinking to the extent that it is now suggested that lead- 
barium-antimony particles should be stripped of their “unique” status, and 
instead be reported as being “characteristic o f’ GSR. The only particles still 
considered to be truly unique are those with the composition 
lead-barium-calcium-silicon-tin (57).
In 2003, Collins et al reported the detection of particles of GSR containing 
glass, putting it forward as a new, potentially unique type of particle. Powdered 
glass is often used as a ftictionator in primer mixtures to encourage the rupturing 
of explosive crystals. There has, however, been no comprehensive survey to 
support this hypothesis (58). Currently, forensic laboratories in the UK only 
report lead-barium-antimony and lead-barium-calcium-silicon particles as being 
positive for GSR (with tin and aluminium also being admissible). If there are 
three particles or fewer, the specimen is considered to be insufficient to give a 
reliable interpretation of possible source (11). These guidelines were not 
followed in the trial of Barry George, following the 1999 shooting of television 
presenter Jill Dando. The prosecution claimed that a single particle of GSR 
found in George’s coat pocket a year after the event was “compelling” evidence
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of guilt, and he was convicted by the jury with a 10-1 majority. Experts now 
agree that the single particle was no more likely to have come from a gun fired 
by George than from any other, non-incriminating source (59). In August 2008, 
the conviction was overturned on appeal, a reminder of how careful 
consideration of GSR evidence is essential.
Secondary transfer is another potential issue, especially in the United States 
where all police officers routinely carry firearms. A study in 2005 found that 
twelve lead-barium-antimony particles were transferred from the backseat of a 
patrol car to a handcuffed person known to have had no GSR on their hands prior 
to entering the vehicle (60). Another study in 2011 in Belgium, assessed the 
potential for contamination if firearm-carrying Special Forces officers were 
involved in an arrest (61). It was found that the officers’ gloves had an average 
of sixty-six lead-barium-antimony particles on them. Following simulated 
arrests, an average of three lead-barium-antimony particles were recovered from 
the hands, and seven lead-barium-antimony particles were recovered from the 
vests of the “suspects”, who were known to have no GSR on them prior to the 
arrest.
One way around this problem would be to label the primer in the ammunition 
used by police officers with small quantities of elements not commonly 
encountered in the environment. Two studies have successfully achieved this 
using samarium (62) and gadolinium (63). A 2011 study suggested that 
photoluminescent markers could be added to primer recipes, so that the hands 
and clothing of a suspect would merely need to be inspected under a UV light to
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confirm the presence of GSR, shown in Figure 2-2 (64). The authors also 
suggested that this technology could be used to make civilian, law enforcement 
and military ammunitions appear as different colours, for simple discrimination 
between sources.
Figure 2-2. Photoluminescent markers viewed under UV light on target surface (left) and 
shooter’s hands (right) (64)
An example of a police force deliberately using a different kind of ammunition 
to perpetrators was reported in Taiwan, where the police began to use lead-free 
ammunition when there was no reported use of lead-free cartridges by criminals, 
giving better discrimination in the analysis of GSR (65). Police forces in the UK 
are unlikely to adopt such a system due to the inherent expense. Also, the fact 
that forensically aware criminals will almost certainly start using the same 
ammunition as the police will reduce the effectiveness of the strategy (66).
2.3.4 Researched techniques for GSR analysis
A multitude of analytical techniques have been investigated for the elemental 
analysis of GSR, but very few have actually been seen to have the potential for
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enduring use in real casework. This section will describe these techniques and 
why they have, thus far, been considered unsuitable for GSR analysis. At the end 
of this section, Table 2-1 summarises the findings.
Neutron Activation Analysis (NAA)
Neutron activation analysis (NAA) is one technique that was believed to have 
potential for GSR analysis. NAA is based on the principle of bombarding a 
sample with neutrons in order to induce nuelear transitions and ultimately the 
formation of radioisotopes of the elements present in the sample (67). After 
irradiation, the radioisotopes decay, emitting y-rays whieh are of an energy 
characteristic of the elements present in the sample. The detection of these y-rays 
allows the elemental composition of the irradiated sample to be determined. 
NAA is an extremely sensitive technique, allowing detection in the sub-parts per 
million (sub-ppm or sub-pg/g) range. The technique is multi-elemental and can 
reduce interference effects of one element on the quantification of another by 
making use of the fact that different radionuelei have different half-lives (67).
However, the technique has been in decline over the past thirty years as suitable 
activation nuclear reactors have become increasingly scarce leading to a sharp 
fall in availability and increase in cost. Also, although the technique does not 
destroy the sample per se, it will remain radioactive for many years, making it 
difficult to undertake subsequent analyses by other techniques. A fundamental 
limitation of NAA is that the incident beam cannot be focussed, making 
individual particle analysis impossible.
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Another reason it is not suitable for GSR analysis is that it is not sensitive to 
lead, one of the main elemental constituents of GSR. The reason for this is that 
the radionuclide of lead that forms has a half-life of just 0.8 seconds and has a 
poor thermal eross section. For this reason, when analysing GSR in 1974, 
Krishnan had to use NAA in conjunction with atomic absorption spectroscopy in 
order to ensure sensitivity for lead, barium and antimony (68).
Atomic absorption spectroscopy (AAS)
Atomic absorption spectroscopy (AAS) works on the principle of electrons in the 
atomised sample being promoted to excited energy states by the absorption of 
light from a hollow cathode lamp or a diode laser (69). In general, each element 
absorbs light of a characteristic wavelength, giving the technique its elemental 
selectivity. The power of the lamp or laser is known, therefore the quantity of 
light measured at the detector having passed through the atomised sample can be 
used to determine the concentration of the elements of interest by using the Beer- 
Lambert law (70). Whilst popular for GSR analysis throughout the 1980s and 
early 90s (71), the destructive nature of the analysis and the fact that individual 
particles could not be analysed, along with the advent of readily available 
SEM-EDS systems led to a sharp decline in the use of AAS in casework.
Inductively coupled plasma-mass spectrometry (ICP-MS)
Another technique that has been evaluated for the analysis of GSR is inductively 
coupled plasma mass spectrometry (ICP-MS) (72). ICP-MS is an extremely 
powerful technique offering rapid multi-elemental analysis with sensitivities 
down to parts per trillion (ppt or ng/kg) for some elements. The sample is
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introduced as a solution and passed into a plasma, which is maintained at a 
temperature in the region of 8,000K. The intense heat of the plasma ionises 
almost all of the elements present, which are then swept into a quadrupole mass 
spectrometer where they are separated according to their mass/charge ratio. The 
intensity of each ion signal is directly proportional to the concentration of that 
element in the original sample. Internal and external calibration standards are 
used to ensure optimal accuracy and precision (73).
ICP-MS also offers a linear dynamic range in excess of 10 ,^ superior to related 
methods, such as inductively coupled plasma atomic emission spectroscopy 
(ICP-AES). This makes it suitable for the accurate quantification of trace 
elements across a wide concentration range (ppt to ppm). ICP-MS was utilised 
for the detection of GSR in decomposing tissue and blowfly larvae in 2011, 
detecting elevated levels of lead, barium and antimony in wounds, and in larvae 
surrounding wounds caused by gunshots (74).
However, ICP-MS suffers from both matrix and polyatomic interferences. 
Matrix interference can be encountered due to the presence of alkali or alkaline 
earth elements, especially sodium, potassium and calcium. Such elements have 
low ionisation energies and are ionised preferentially, therefore shifting the 
equilibrium of ion production in the plasma. This can lead to the suppression of 
ionisation of other species. Various methods have been developed to overcome 
such matrix effects, including sample dilution (possible due to the enhanced 
sensitivity of ICP-MS), or the use of internal standards of ions not normally 
found in samples (such as ^^ I^n'*’). The levels of the internal standards are
19
Chapter 2 - Literature Review
monitored and any changes in ion count rates are used to correct for the 
elements/ions under investigation.
Polyatomic interferences occur as a result of short-lived combinations of two or 
more atomic species. For example, the main isotopes of argon and
oxygen can combine to give a major interference at atomic mass unit 56, 
the main isotope of iron (^^Fe^. Modem quadmpole ICP-MS instruments can 
correct for polyatomic interferences through the use of a collision/reaction cell 
placed between the plasma and the quadmpole. These devices have been 
designed to remove unwanted ionic species through kinetic energy 
discrimination or mass discrimination. Collision cells produce ions that typically 
have a lower kinetic energy and if their energy is the same as or below the 
multipole potential, they will be rejected. On the other hand, analyte ions with a 
higher energy than the multipole are transmitted into the mass analyser (75). 
Gases such as helium and hydrogen are typically used in collision cells as they 
are less reactive and therefore less likely to form additional unwanted ions. This 
technology is widely used to overcome polyatomic problems in quadmpole 
ICP-MS for iron, chromium, manganese, copper, zinc, vanadium, selenium and 
arsenic.
The main reason ICP-MS has not been taken up for the analysis of GSR in 
casework is that conventional ICP-MS is a destmctive technique requiring acid 
digestion of samples, making analysis of individual particles impossible.
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Micro X-ray fluorescence spectroscopy (p-XRF)
Micro X-ray fluorescence spectroscopy (p-XRF) is capable of non-destructive, 
quantitative, multi-elemental analysis with sensitivities in the ppm range and 
acceptable precision levels of ± 5-10%. p-XRF was evaluated for GSR analysis 
by Flynn in 1998 (76), who found that the technique offered good sensitivity for 
all elements of interest, and that the concentrations of these elements could be 
mapped. However, p-XRF lacks the spatial resolution to be able to analyse 
individual particles that are any smaller than -10 pm. This renders the technique 
unsuitable for use in most casework, as the majority of GSR particles recovered 
are -1-10 pm in size.
Samples of GSR are inhomogeneous, containing one, two or all three of the 
characteristic elements of interest, lead, barium and antimony (77). Given that 
one and two component particles are only “consistent with”, rather than being 
“characteristic o f’ GSR means that any technique that is incapable of analysing 
individual particles could lead to samples being erroneously identified as GSR.
Capillary electrophoresis (CE)
In 2004, Morales and Vazquez described a capillary electrophoresis (CE) method 
for the analysis of GSR (78). CE operates by separating components of a 
solution using an electric field. The molecules move through the solution at 
different speeds dependent on their size/charge ratio, towards an electrode of 
opposite charge. The authors used the method to simultaneously analyse both 
organic and inorganic residues. However, they were unable to suecessfiilly detect 
barium and antimony, two of the key components of GSR. Also, a complexation
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step is required prior to analysis so that the metals of interest can form stable 
anionic complexes. This method is destructive, and requires far too much sample 
preparation for it to be considered a serious contender for use in GSR casework.
Auger electron spectroscopy (AES)
Auger electron spectroscopy (AES) is based on the principle of Auger electrons 
being emitted from a sample having been bombarded by an incident beam of 
electrons. The energy of these electrons is characteristic of the elements they are 
emitted by, and consequently the elemental composition of a target sample can 
be determined. AES was utilised for GSR analysis in 1987 by 
Hellmiss et al (79), who found it useftil for analysing both the heavy metals that 
form the majority of GSR, as well as light elements ineluding carbon, oxygen 
and nitrogen.
However, AES is an extremely surface sensitive teehnique, only probing the 
uppermost few nanometres of a sample (80). As was mentioned in Section 2.3.1, 
GSR is not always homogeneous, meaning that measurements of the outer few 
nanometres of a partiele of GSR are not necessarily representative of the bulk. 
Most AES instruments are fitted with an ion gun capable of etching a sample in 
order to build up a compositional depth profile. However, the technique then 
becomes destruetive, a highly undesirable trait for forensie analysis.
Time of flight secondary ion mass spectrometry (ToF-SIMS)
Time of flight seeondary ion mass spectrometry (ToF-SIMS) uses a pulsed 
primary ion beam to sputter secondary ions from the surface of a sample. These
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secondary ions are then swept into a flight tube at the end of which they are 
deteeted according to how long they have spent in the tube, and hence their 
mass/charge ratio. ToF-SIMS offers sensitivity in the ppm-ppb (or pg/g to ng/g) 
range as demonstrated by Coumbaros et al in 2001 (81). The authors were able 
to detect barium that had not been detected by SEM-EDS in a particle of GSR. 
ToF-SIMS also has the capability to provide some chemieal state information 
about elements of interest, with the authors able to determine the presence of 
both PbO^ and BaOH^ in the same study.
The sampling depth for ToF-SIMS is very small, typically less than 2 nm. 
Information from greater depths can be obtained, but requires switching the 
length of the beam pulse from 20 ns to a period of 140 s for etching. This method 
is inherently destruetive and may have an impact on the subsequent analysis of 
particle morphology. ToF-SIMS also suffers from matrix effects (82), which 
have a detrimental effect on quantification, especially for spherical particles such 
as those found in GSR.
X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) was presented as a technique for GSR 
analysis in 2011 by Schwoeble et al (83). XPS works by scanning a sample with 
an incident beam of X-rays and measuring the number, and the kinetic energy of 
electrons that are emitted. This information is used to not only determine the 
elemental composition of a sample, but also to determine the chemical state of 
materials. The authors of this study were able to determine that lead, barium and
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antimony were predominantly present in the GSR sample as PbO and Pb metal, 
SbiOs and BaO, respectively.
Whilst the determination of the chemical state of GSR constituents cannot be 
determined using most other techniques, XPS was unable to achieve it for 
individual particles in this research due to a beam spot size in the region of 
30 - 400 pm. XPS suffers the same limitations in terms of surfaee sensitivity as 
ToF-SIMS and AES, with the sampling depth for XPS at around 10 nm. As with 
ToF-SIMS and AES, in order to probe more of the sample, it must be 
destructively etehed.
Laser induced breakdown spectroscopy (LIBS)
Another technique that has been investigated for GSR analysis is laser indueed 
breakdown spectroscopy (LIBS) (84). This technique uses a laser to atomise and 
excite the sample leading to the emission of light of wavelengths characteristic to 
those elements in the sample. The authors were suecessful in detecting elevated 
eoneentrations of barium in samples eollected from the hands of shooters 
compared to those from non-shooters. Whilst they argue that there is potential 
for LIBS to be used as a screening method, it could not be used in casework as 
the whole sample stub surface is vaporised as a consequence of the analysis, 
allowing no subsequent investigation of particle eomposition/morphology.
Stripping voltammetry
Differential pulse anodic stripping voltammetry (DPASV) is an electrolytic 
method whereby a mercury electrode is suspended in a solution containing the
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target sample, in this case GSR. The electrode is held at negative potential, 
allowing positive ions in the solution to form an amalgam. After a suitable 
period of time, the potential on the electrode is ramped in order to re-oxidise the 
analyte, generating a current signal at voltages characteristic of the elements 
present. Whilst appreciable sensitivities are obtainable, the fact that only 
methods reporting the simultaneous detection of lead and antimony (85) and lead 
and barium (86) have been published, with no publication showing that all three 
ean be simultaneously determined, coupled with the destruetive nature of the 
technique suggests that the applicability of DPASV for real GSR casework is 
poor.
Differential pulse cathodic adsorptive stripping voltammetry (DPCAdSV) is a 
similar method and was first described for GSR analysis in 2011 by 
Erden et al (87). The authors claim that it offers improvement over DPASV as a 
result of reduced fouling of the mercury electrode. However, the method was 
still only shown to be eapable of simultaneously analysing lead and antimony.
Scanning electron microscopy techniques
Scanning electron microscopy/ energy dispersive X-ray spectroscopy 
(SEM-EDS) has been the long-standing teehnique of choice for routine GSR 
analysis (3). However, different methods of electron beam indueed X-ray 
detection have been investigated in an attempt to improve the elemental 
composition component of the analysis.
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Kage et al described a wavelength dispersive X-ray (WDS) detection method 
for GSR analysis in 2001 (88). WDS utilises X-ray analysis crystals that only 
analyse the characteristic wavelength of one element at a time. This enables the 
authors to achieve a greater energy resolution along with improved detection 
limits. However, analysing one element at a time is more time consuming than 
obtaining one spectrum that contains all the elements of interest. In addition, it 
would be necessary to know which elements are those of interest prior to the 
analysis. An unexpected element that may aid in the discrimination of one GSR 
specimen from another, or from particles of environmental or occupational origin 
may be missed by using WDS.
In 2010, Nakai et al presented results from GSR analysis with a typical 
SEM-EDS setup, but with the traditional solid state detector replaced by a 
transition edge sensor microealorimeter (89). The microcalorimeter 
demonstrated an order of magnitude superior energy resolution over the solid 
state detector. This led to well resolved peaks for important elements in GSR, 
sulfur Ka (2.31 keV) and lead Ma (2.35 keV), antimony La (3.61 keV) and 
calcium Ka (3.70 keV), and antimony L^ (3.84 keV) and Ca (3.69 keV), 
something not currently possible with the solid state detectors typically used for 
SEM-EDS. However, there were no observed improvements over the detection 
limits of conventional SEM-EDS.
In summary. Table 2-1 presents the advantages and limitations for GSR analysis 
of all of the techniques discussed in this chapter.
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Technique Destructive? Sensitivity Particleanalysis?
Imaging?
(resolution) Ref.
NAA Yes ppm No No (68)
AAS Yes ppm No No (71)
ICP-MS Yes ppt-ppb No No (72)
H-XRF No ppm No Yes (~ 10 pm) (76)
CE Yes ppm No No (78)
AES Quasi-non 0.1 at% Yes Yes (< 5 nm) (79)
ToF-SIMS Quasi-non ppb-ppm Yes Yes (< 100 nm) (81)
XPS Quasi-non 0.05-0.1 at% Yes Yes (~ 200 pm) (83)
LIBS Yes ppm No No (84)
DPASV Yes ppm No No (85, 86)
DPCAdSV Yes ppm No No (87)
SEM-EDS No 0.1-lat% Yes Yes (< 5 nm) (49)
IBA No ppm Yes Yes (~ 100 nm) (32)
T able 2-1. Sum m ary o f techniques w ith  varying suitability  for G SR  analysis
N.B. Attributes shaded in green are considered to be positive fo r  GSR analysis, whilst 
those in red are considered negative
ppm -p a r tsp e r  million (pg/g) p p b -p a r tsp e r  billion (ng/g) 
ppt -p a r ts  per trillion (pg/g) at% -  atomic percent
NAA : Neutron A ctivation A nalysis
AAS: Atomic Absorption Spectroscopy
ICP-MS: Inductively Coupled Plasma-Mass Spectrometry
p-XRF: Micro X-ray Fluorescence Spectroscopy
CE: Capillary Electrophoresis
AES: Auger Electron Spectroscopy
ToF-SIMS: Time-of-Flight Secondaiy Ion Mass Spectrometiy
XPS: X-ray Photoelectron Spectroscopy
LIBS: Laser Induced Breakdown Spectroscopy
DPASV: Differential Pulse Anodic Stripping Voltammetiy
DPCAdSV: Differential Pulse Cathodic Adsorptive Stripping Voltammetiy
SEM-EDS: Scanning Electron Microscopy /  Energy Dispersive X-ray Spectroscopy
IB A: Ion Beam Analysis
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2.4 Ion Beam Analysis (IBA)
Ion beam analysis (IBA) consists of a suite of techniques which involve the 
irradiation of a sample with a high energy (MeV) beam of charged particles (13). 
By detecting various products of the ensuing interactions, it is possible to obtain 
spatial compositional information about the target in three dimensions.
IBA can trace its roots back to Lord Ernest Rutherford’s laboratory in 1909 when 
Hans Geiger and Ernest Marsden carried out a pioneering experiment in whieh 
a particles were found to scatter backwards from a gold foil (90). This provoked 
a complete re-think of the fundamental structure of the atom based around the 
discovery of a small, positively charged nucleus. An intense period of research 
into nuclear physics followed, which yielded the invention of linear particle 
accelerators in England by Cockcroft and Walton (91) and in the United States 
by Van de Graaff (92). By the late 1950s, the solid state detector had been 
developed along with a greater understanding of stopping powers and depth 
scales of scattering events, to the extent that in 1959, material characterisation 
using ion scattering was clearly documented by Rubin (93).
The development of Rutherford backseattering spectrometry (RBS) continued 
through the 1960s and beyond (94), but it was in 1970 that a huge breakthrough 
came with the introduction of particle indueed X-ray emission (PIXE) (95). 
PDŒ enables the determination of the elemental composition of samples, with 
detectable elements ranging from sodium to uranium. This wide elemental range 
makes it particularly useful when analysing samples of completely unknown 
composition. PIXE is based on the principle of X-rays being emitted from the
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irradiated sample. These X-rays are of eharacteristie energy for each different 
element and therefore the elemental composition of a sample can be determined. 
It offers sensitivity in the ppm range, which is better than other X-ray 
mieroanalysis methods used, sueh as SEM-EDS. This is due to the faet that PIXE 
does not suffer from primary bremsstrahlung which is inherent in SEM-EDS 
spectra.
Advances in beam focussing have allowed IBA to provide spatially resolved 
information, enabling the mapping of the elemental distribution throughout 
samples by virtue of beam seanning (14). Advances in data handling software 
have allowed absolute quantification of elements without the need to analyse 
reference standards with a similar matrix, as is required by many other 
techniques. The non-destructive nature of these techniques, the fact that many 
can be run simultaneously by careful assembly of multiple detectors, and the faet 
that they can be run at ambient pressure have contributed to them being used for 
a wide range of analytical applications.
2.4.1 Common applications
One of the most common applications of IBA is for the analysis of important 
archaeological and cultural heritage items. For these samples, the fact that large 
items and those not suitable to be put under vacuum can be analysed 
non-destructively is imperative. Some extremely important and famous items of 
cultural heritage have been subjected to IBA including the Gutenburg Bible in 
1984 (17). In 1987, PIXE analysis of the Vinland map ink cast doubt upon the 
belief at the time that the document was a forgery (18) by claiming that a
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concentration of 0.0062% by weight of Ti that was found would have been too 
small to detect by the X-ray diffraction technique used by a previous group (96).
PDŒ analysis of the hair of the Iceman in 2003 helped to shed light on his 
possible occupation by finding elevated levels of copper and arsenic, indicative 
of those involved in ore smelting (19). The ability of IBA to provide 
compositional information with respect to depth was utilised by
Beck et ah (2008) who used simultaneous PIXE/RBS to give quantitative depth 
profiles of the paint used in a 19^  ^ century reproduction of
“La Bohémienne” (20).
A marked overlap in the analysis of archaeometry and forensie samples eomes in 
the form of glass fragments. Many of the light elements are of importance in 
glass such as lithium, boron and sodium. For this reason, a related teehnique to 
PIXE called partiele indueed y-ray emission (PIGE) is often used in tandem, as 
these light elements cannot be deteeted by conventional PIXE analysis. This is 
due to the low fluorescence yield of low Z elements and the fact that the low 
energy X-rays are attenuated in the filters used to protect the SiLi detector from 
backscattered particles from the incident ion beam. In PIGE, the incoming beam 
is of sufficiently high energy to overcome the Coulomb barrier, which allows the 
projectile to interact with the nuclei of light elements in the target, inducing 
nuclear reactions and ultimately the emission of y-rays. In a similar way to PIXE, 
the energy of these y-rays is characteristic of the elements in the target, thus 
allowing light elements (typically lithium-calcium) to be detected. The
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combination of PIXE/PIGE has been used in numerous studies for the 
characterisation of ancient and medieval glasses (97-99).
Biologists have utilised IBA for a number of applications including the 
characterisation of metalloproteins (26) and the traee element analysis of blood 
serum to enhance the understanding of Crohn’s disease (27). In 2010, 
Jeynes et al used PIXE to investigate the uptake of two different 
platinum-containing cancer drugs by ovarian cancer cells (28).
Geology is another area in which IBA has been utilised for many years. One 
example came in a 1975 study by Van Grieken, who used PIXE to determine 
zireonium/hafhium ratios in samples of zircon to establish relationships between 
different rocks (21). Other methods available at the time either didn’t offer 
sufficient sensitivity, as was the case with X-ray fluorescence spectroscopy, or 
involved difficult dissolution processes for atomic emission spectroscopy 
techniques. Van Grieken reported that for PIXE, “the sensitivity is so favourable 
that, in practice, the minimal sample size is only limited by the minimal amount 
that ean be handled properly” (21). More recently IBA has been used for the 
analysis of extra-terrestrial samples, with a portable PIXE system actually 
integrated into a Mars Exploration Rover able to detect water in Martian 
rocks (23). In 2009, PIXE was used to analyse an inclusion in an impact glass 
created by a meteorite (22). In this case, stereo pair imaging was utilised, 
whereby the incident angle of the beam was varied in order to determine the 
varied depths of different inclusions (Figure 2-3). From these images, depths ean 
be calculated through simple trigonometry.
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Figure 2-3. Stereo pair images of Ti inclusions in a meteorite impact glass giving spatial 
depth information (22)
IBA has also been used extensively by the eleetronics industry, largely for the 
analysis of semiconductors (100). One method of analysis unique to IBA is 
channelling, whereby an ion beam is aligned with the major axes of single 
crystals to determine the degree of crystallinity or average stoichiometry (24). If 
there is no damage in the crystal, backseattering will decrease dramatically as the 
ion beam simply travels straight through the crystal lattice. However, if there are 
atoms present that are not on their lattice sites, this will show up in the 
backscattered spectrum, thus allowing the depth profiling of damage in single 
crystals.
2.4.2 IBA for forensic applications
The first reported use of IBA in a forensic context came in 1973 when 
Barnes et al used PIXE analysis for the detection of gunpowder residues on 
hands (101). It should be noted that this was not a particle analysis and was 
instead carried out by rinsing the hands with dilute nitric acid, concentrating by 
evaporation and drying onto a Kapton® foil. PIXE was suecessful in determining
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eleven elements and through statistical analysis it was shown that the levels of 
sulfur, barium, iron and lead were higher in samples taken from people who had 
recently fired a handgun compared with those who hadn’t. The follow-up study 
increased the list of discriminating elements in the following year to include 
calcium, titanium, tellurium and copper (102).
Undoubtedly the most famous case of IBA being used in an actual investigation 
was that of the murder of Bulgarian dissident Georgi Markov in 1978, reported 
by Cookson (103). Having felt a stinging sensation in his leg as a man had 
brushed past him with an umbrella whilst waiting for a bus, Markov died in 
hospital three days later as a result of poisoning from a ricin-filled pellet. It was 
later discovered that the umbrella had been a crude weapon used to inject the 
pellet into Markov’s body. The forensic investigators used PIXE analysis to 
determine the elemental composition of the pellet itself, and were successful in 
identifying it as a platinum/iridium alloy. This alloy was known to be the subject 
of much research by the secret services of Eastern Europe, giving investigators 
the crucial link to the perpetrators, the Bulgarian secret police.
In 1978, a Dutch group used a combination of PIXE and inelastic proton 
scattering in the analysis of small glass fragments (104). Slight differences in the 
elemental composition of eleven glass samples were identified, underlining the 
potential for these techniques to be of real use to forensic investigators. 
Sen et a/. (1981) demonstrated that PIXE could be a useful analysis tool for the 
identification of trace elements in a wide range of trace evidence types, including 
GSR, paints, inks, glass fragments and narcotic drugs (105). Again, differences
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in the elemental composition of samples from different sources were observed. 
Sen (1983) went on to use this same technique two years later to analyse GSR 
for the purpose of estimating firing distance (106). The inherent problem with 
using this reported PIXE method for GSR analysis, and perhaps the reason it did 
not attract more attention from law enforcement laboratories at the time, was that 
the diameter of the beam spot on the target was 1 mm. This was not small 
enough to analyse individual particles, which was already being done routinely 
by SEM-EDS.
PIXE was used in another police investigation in 1986, where the identity of an 
unknown skeleton needed to be determined (107). Police suspected that the 
skeleton was that of a man who had been treated in hospital a few years earlier 
for a gunshot wound to his hand. PIXE analysis was able to show that metallic 
fragments found in the finger bone of the skeleton were lead, and that the relative 
concentrations of lead across the bone obtained through linear scanning were 
consistent with a suspected gunshot wound. This gave police strong evidence 
pertaining to the identity of the skeleton. PIXE was particularly applicable in this 
case over other X-ray mieroanalysis methods due to the odd-shaped sample. The 
fact that PIXE can be run in air meant that an external beam setup could be used 
with no need for any sample preparation.
Ten years later, Vogt et al (1997) used PIXE analysis in an attempt to 
discriminate between different samples of fountain pen ink (108). PIXE was of 
limited value in this case as different inks give different ink concentration depth 
profiles during the writing procedure and PIXE is a surfaee sensitive technique,
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sampling only the first few tens of microns of the surface (109). Despite this, the 
technique was said to have potential in the field due to its non-destructive nature 
and the fact that the paper substrate material could also be charaeterised. PDŒ 
was found to be more useful in a later study fi*om the same group on ballpoint 
pen inks, which generally consist of fewer elemental components that do not 
penetrate as far into the paper substrate (110). PDŒ could differentiate between 
samples of ink based on their eopper/zinc ratios after they had given identical 
electropherograms by capillary electrophoresis.
In 2000, Lane and Wicks reported a study on using PDŒ to try and identify 
‘fingerprints’ for the year of manufacture of PE4, a type of plastic explosive, 
based on the traee element composition (111). PIXE showed the potential to 
identify whether a batch of explosive had been produced before or after 1985, 
and due to the relatively small number of characteristic X-ray lines observed for 
modem PE4, reiterated the effectiveness of tagging batches of explosives with 
elemental markers.
PIXE analysis was used in police casework in 2002 (112). One of the cases bore 
stark resemblance to that reported by Fisehbeck et al. (1986) (107), with analysis 
of a bone surface used to detect elevated concentrations of lead, thus confirming 
the presence of a gunshot wound. The other case involved the analysis of a burnt 
substance, suspected of being cremated human remains. A son and daughter 
were locked in a dispute concerning the custody of their deceased mother’s 
ashes. The son questioned the nature of the “ashes” in a funerary um given to 
him by his sister. PIXE analysis was able to show that one sample did not have
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the required phosphorus/calcium ratio to be bone, and that based on its elemental 
composition was actually more likely to be a mixture of sand and limestone.
In 2010, Jezersek et al. investigated the use of PIXE for the analysis of textile 
fibers in a forensic context (29). During the manufacturing process, fibers are 
applied with pigments, to give them colour, and with various dressings to 
improve their mechanical and water resistant properties. The study analysed the 
metals present in these various additives and found that different types of fiber 
could be discriminated based on their elemental composition.
Whilst PIXE has generally been seen to be the IBA method of most use to those 
interested in forensic analysis, its inability to detect light elements means that it 
is not applicable to all sample types, as was shown in 2009 by 
El Masri et al. (113). In this study, the authors showed that RBS has the potential 
to be used for the analysis of light elements in threat materials such as explosives 
and drugs, by using commercial thin plastic films as dummy samples. It was also 
demonstrated that elastic recoil detection analysis (ERDA) could be used for the 
quantitative analysis of the hydrogen content in sueh samples, and that these 
techniques could be run simultaneously.
Most recently, the group firom the Surrey Ion Beam Centre has investigated the 
use of IBA for the characterisation of forensic samples. One such application 
was the use of MeV secondary ion mass spectrometry (SIMS) for the analysis of 
fingerprints (30). By considering both the spatial maps and the sputtering 
behaviour of the sample as a function of time, it was possible to determine the
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order of fingerprint/ink deposition on a fictional suspect document. Another 
study from the same group used PIXE/RBS/PIGE to characterise quartz 
grains (31). The ability of IBA to discriminate between quartz grains from 
different geographical locations was demonstrated, adding extra weight to an 
established discrimination technique involving visual observations of grains by 
SEM.
Two studies investigating the use of IBA for the analysis of GSR had already 
been published by the Surrey group prior to the start of this research (32, 33). 
The first demonstrated the enhanced sensitivity of particle analysis by PIXE over 
SEM-EDS, the method currently favoured by forensic laboratories (32). This is 
largely due to the fact that SEM-EDS suffers from orders of magnitude greater 
bremsstrahlung background as can be seen in Figure 2-4.
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Figure 2-4. Direct comparison of SEM-EDS (yellow) with PIXE (blue) for GSR 
analysis (32)
It was found that PIXE was able to detect elements in the GSR samples that were 
not detected using SEM-EDS, and that these elements were present at different 
concentrations in different sources of GSR. The study was limited by the fact
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that only 8-12 particles were analysed per residue, and no statistical analysis was 
applied to the elemental results which were exclusively presented as box plots. 
Also, a copper finder grid was placed on top of the stubs in order to locate the 
particles. This is something that could not be done in a real case for fear of 
covering up potential particles of interest.
The second study outlined the advances in data handling software that have 
allowed the quantitative elemental composition of small particles to be 
determined by simultaneous PIXE/RBS (33). However, this model has not yet 
been validated against any certified standards or other laboratories.
2.5 Summary
This review of the literature clearly shows that IBA has huge potential in the 
field of forensic analysis. The compositional analysis of trace evidence in 
criminal cases is a complex undertaking. At present in terms of the analysis of 
GSR, no technique has so far been found that ticks all the boxes. The aim of this 
research is to investigate whether the application of IBA can provide important 
supplementary evidential value when used in conjunction with current 
methodologies.
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Chapter 3 -  Experimental Theory
3.1 Introduction
This chapter provides an introduction to the experimental procedures and the 
theory behind all of the analytical techniques used in this project. These include 
particle indueed X-ray emission (PIXE), Rutherford backseattering spectrometry 
(RBS), nuclear reaction analysis (NRA) and scanning electron 
microscopy/energy dispersive X-ray spectroscopy (SEM-EDS).
3.2 Ion beam generation and focussing
Proton beams in the energy range 2.5 - 3.0 MeV were predominantly used for 
this research in order to obtain optimal X-ray sensitivity with low contributions 
from bremsstrahlung effects. The only exception to this was the use of a 700 keV 
beam for the NRA experiment outlined in Section 6.2.1. All ion beam analyses 
were carried out at the Surrey Ion Beam Centre, UK, with the analytical setup 
described by Simon et ah (114).
Negatively charged hydrogen beams are extracted from a duoplasmatron ion 
source. In the ion source, hydrogen gas atoms are introduced into the vacuum 
chamber. Electrons emitted by a cathode filament are directed into a helical path 
by a magnetic field in order to maximise the cross sections for electron and 
hydrogen atom interactions. As a result of these interactions, the hydrogen atoms 
become ionised and form a plasma. The plasma is then extracted through an 
aperture by an electric field, at which point it becomes an ion beam, before being
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deflected around a 90 degree magnet into a 2 MV Tandetron™ accelerator (High 
Voltage Engineering Europe, Amersfoort, Netherlands).
The negatively charged ions are then accelerated towards the positively charged 
terminal at the centre of the accelerator. Also housed at the centre of the 
accelerator is a stripping chamber containing nitrogen gas, which strips the 
electrons from the negative ions, making them positively charged (H^). These 
protons are then accelerated away from the positive terminal towards the ground 
potential at the end of the accelerator. At this stage, the protons have obtained 
2.5 - 3.0 MeV of kinetic energy (double the terminal voltage). Having exited the 
accelerator, the proton beams are directed into the microbeam line by virtue of a 
switching magnet. The beams are then focussed by a series of collimators, slits 
and electrostatic lenses in order to offer optimal spatial resolution. To achieve 
the smallest possible beam spot size, a triplet of quadrupole magnets is used as 
the final stage of the focussing. Each quadrupole consists of four poles arranged 
symmetrically about the axis of the beam, converging the beam in one plane and 
diverging it in the other. An electrostatic scanning amplifier was used to raster 
scan the beam for the production of 2D elemental maps.
Figure 3-1, demonstrates how multiple detectors are used simultaneously in the 
analyses. A schematic of the entire instrument can be found in Figure 3-2.
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m
Figure 3-1. Photograph of microbeam chamber with multiple detectors. 1) X-ray 
detector (for FIXE); 2) backscattered particle detector (for RBS); 3) optical 
microscope; 4) secondary electron detector; 5) y-ray detector (for PIGE); 
6) approximate position of sample.
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3.3 Particle induced X-ray emission (PIXE)
3.3.1 Introduction
Particle induced X-ray emission (PIXE) is one form of X-ray spectroscopy along 
with scanning electron microscopy/energy dispersive X-ray spectroscopy 
(SEM-EDS) and X-ray fluorescence spectroscopy (XRE). The major advantage 
of using PIXE over these other techniques is that it offers high sensitivity and 
produces spectra with almost negligible background. In SEM-EDS, the primary 
electrons from the beam are scattered strongly by electrons in the sample. Each 
and every deflection causes the emission of bremsstrahlung radiation which can 
be very intense and swamp weak lines of interest. XRE has an effect called 
Compton scattering, brought about by inelastic scattering of the primary X-ray 
beam off electrons in the target, but this effect creates far less background than 
bremsstrahlung, and so the sensitivity of XRE is higher than SEM-EDS. The 
high mass of the incoming ions in PIXE means almost no deflection from 
collisions with target electrons and therefore primary bremsstrahlung is 
essentially absent (109). A discussion of secondary bremsstrahlung can be found 
in Section 3.3.4.
O - Electron 
- Incoming ion
X-Ray
Figure 3-3. Basic principles of PIXE
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The basic principles of the PDŒ technique are shown in Figure 3-3.
In summary:-
a) an MeV ion beam is directed at a target;
b) the incoming ion beam causes an inner shell electron to be ejected, leaving a 
vacancy;
c) an electron from an outer shell moves to the inner shell to fill the vacancy; 
and
d) the cascade causes the emission of an X-ray of characteristic energy.
n=4
n=3
«  n=2
n=l
Figure 3-4. Characteristic X-ray lines (115)
The energy of the emitted X-ray is equal to the energy difference between the 
two orbitals occupied by the electron making the transition (115). These energy 
levels can be seen in Figure 3-4. The spacing is different for every single element 
and it is this that allows the elemental composition of a sample to be determined 
from the PIXE spectrum (Figure 3-5).
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Figure 3-5. PIXE spectrum of BAM S005B multielement glass reference standard (2.5 MeV  
H beam, 130 pm Be filter, SiLi X-ray detector)
3.3.2 X-ray production cross section
The probability of an X-ray being produced by any given interaction is 
associated with a parameter known as a cross section (units, bams). X-ray 
production cross sections vary for all the elements and can be calculated by using 
the following equation:
= a ' ' '  CO k  Eqn. 1
where o' is the X-ray production cross section, is the ionisation cross section, 
CO is the fluorescence yield and k is the relative transition probability. The 
fluorescence yield, co, represents the probability of a radiative transition
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occurring as opposed to a non-radiative process, such as an Auger electron 
emission or Coster-Kronig transition. The relative transition probability, k, is the 
fraction of a specific X-ray line emitted with respect to the total number of 
X-rays emitted fi*om that shell. This is necessary due to the multiplicity of 
transitions to, for example, the L shell as electrons cascade not only from 
different shells (La, Cp) but also from different sub-shells (Lai, Lai) (116).
In order to maximise the X-ray production cross section, the ionisation cross 
section must be as large as possible. To maximise this parameter, the particle 
must have the greatest amount of interaction time with the electrons as possible. 
This can be achieved by matching the velocity of the incoming particles to the 
veloeity of the electrons in an orbit. This velocity ranges from ~ 1 - 10% of the 
speed of light, and can be matched by accelerated protons in the region of 
2 -4  MeV. Raising the beam energy above ~ 3 MeV will give higher cross 
sections for the K shell X-rays fi*om heavy elements. However, this may result in 
having to deal with unknown elastic backscattering cross sections (Section 3.4.2) 
and high levels of secondary bremsstrahlung (Section 3.3.4).
3.3.3 Silicon lithium-drifted detector
PDŒ can be carried out using either energy dispersive or wavelength dispersive 
X-ray detection. However, by far the most commonly used detector for PIXE is 
the energy dispersive silicon lithium-drifted (Si-Li) detector. The Si-Li detector 
is a reverse-biased silicon diode. Electron-hole pairs are formed as a result of 
X-ray absorption in the depletion layer. The charge is collected at the anode and
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converted to a voltage proportional to the number of electron-hole pairs created, 
which in turn is proportional to the incident X-ray energy (117).
For the X-ray absorption cross section to be maximised, the depletion region 
must be made as large as possible. This can be done by introducing an insulating 
layer between the anode and cathode, creating a p-i-n type diode. Silicon is an 
intrinsic p-type semi-conductor with a slight excess of holes that can cause 
leakage currents, making X-ray pulse deteetion difficult. Doping with lithium 
compensates for the excess of electron acceptors, but this means that these 
detectors must be kept at liquid nitrogen temperature so as to ensure that the 
lithium does not diffuse out of the depletion layer.
To avoid some of the artificial responses of the deteetor, which are discussed in 
the following section, an X-ray absorbing filter is often fitted to the detector to 
reduce the signal from low energy X-rays and thereby enhanee the detection of 
higher energy X-rays from the trace elements of interest. The filter also protects 
the Si-Li crystal from backscattered protons that can degrade electronic 
performance. Filters are typically made of a thin (~1 - 150 pm), low Z metal 
such as beryllium, or polymers, such as Kapton®.
3.3.4. Sources of background effects
Despite the effective absence of primary bremsstrahlung, PIXE analysis is still 
subject to possible background effects (109). Secondary bremsstrahlung can be 
emitted by two processes. The electrons ejected by the incoming ions can go on
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to collide with other electrons nearby, or they can perform an orbit and return to 
the parent atom. This second mechanism is also known as synchrotron radiation.
However, this seeondary electron bremsstrahlung is a secondary process and 
there are orders of magnitude fewer secondary electrons than there are primary 
ions. Therefore, secondary electron bremsstrahlung baekground is orders of 
magnitude lower than primary bremsstrahlung. Also, the energy that can be 
transmitted to an electron in a proton-electron collision is small and therefore 
this phenomenon only affects the lower energy end of the spectrum, up to around 
10 keV.
Another source of background effects comes in the form of artificial responses in 
the detector, which manifest themselves most commonly as pile-up or escape 
peaks. Pile-up occurs when the flux is high enough that two X-rays enter the 
detector simultaneously, giving rise to an artificial peak at the sum of the two 
X-ray energies (109). For example, iron Ka pile-up (2 x 6.40 keV) overlaps with 
the lead Cp line at 12.61 keV.
Escape peaks are caused by silicon Ka X-rays that are emitted from the detector 
itself, resulting in a peak with an energy of 1.74 keV below that of the parent 
peak. For example, the iron Koc escape peak at 4.65 keV overlaps the 
titanium Ka line at 4.51 keV. These responses are at their most severe when the 
count rate is high and mean that great care must be taken when interpreting PIXE 
spectra.
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The probability of pulse pile-up at a count rate of 5 kHz and pulse rise time of 
10 ps is approximately 5% (117). The intensity of an escape peak is typically 1% 
or less of its parent peak (109).
The final source of background effects in PIXE analysis comes as a result of 
insulating samples charging under the beam. The high positive potential at the 
impact point causes electrons to be accelerated towards it, emitting high energy 
bremsstrahlung. This can be a major problem in thick, insulating samples, such 
as glass, but can be overcome by applying a thin layer of conducting material, 
such as carbon, or by analysing the sample in air.
3.4 Rutherford backscattering spectrometry 
(RBS)
3.4.1 Introduction
Rutherford baekscattering spectrometry (RBS) is based on the principle of high 
energy, positively charged ions being deflected by the dense, positively charged 
nuclei of target atoms, as shown in Figure 3-6 (13). RBS can be used to 
determine the major elemental composition of a sample and how that 
composition varies with depth, due to the depth dependence of backscattered 
particle energy.
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- I n c o m in g  ion
Figure 3-6. Basic principles of RBS
RBS can be used to determine the major elemental composition of a sample by 
first calculating the kinematic factor (K) for a given element of interest. This is 
determined by inputting the incident ion beam energy (Eq) and the value from the 
high energy edge of the peak associated with the element of interest (Ei), into the 
following equation;
Kj =  /  E q Eqn. 2
The kinematic factor is also given by:
(M^- MiSin^0)2+ Ml cos 0
Mi+ M2 Eqn. 3
where 6 is the scattering angle, and M; and M2 are the masses of the incident and 
target particles respectively. The scattering angle can be measured and the mass
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of the incident particle is usually known and hence the identity of an unknown 
element can be determined by calculating M2.
The areal density (Nt)i, in atoms per unit area, can also be determined for a given 
element, provided prior knowledge of the deteetor solid angle, Q (steradians), the 
integrated peak count Ai for Q incident ions (pC), and the differential cross 
section Oi(E, 0) (bams) using the following relation:
where Ni is the atomic density for a given element and t is the film 
thickness (run) (13).
3.4.2 Rutherford and non-Rutherford cross 
sections
The probability of a backscattering event is described by the parameter cross 
section (bams). The scattering is said to be Rutherford when the force between 
the incident and target nuclei can be modelled by the Coulomb force:
where F is the electrostatic force, Zi and Z2 are the atomic numbers of the 
incident and target ions respectively, r is the intemuclear distance, f  is a unit
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vector and e is the fundamental charge (e = 1.602 x 10’^  ^ C). As a result, 
Rutherford cross sections can be calculated using the following equation:
X
(M2 -MiSin^0 )2 + M2 cos 0
1
M2sin^0(M2-M^sin^0)2
Eqn. 6
However, should the force between the nuclei be markedly different from the 
Coulomb force, non-Rutherford cross sections must be used. This can occur as a 
result of partial screening of the nuclear charges by electron shells in the case of 
low energy interactions, or by short range nuclear forces induced by wave 
function overlap in the case of high energy interactions. A large proportion of 
high energy non-Rutherford cross sections can be obtained through the 
SigmaCalc database, constructed by Gurbich from experimental data and 
theoretical calculation (118).
3.4.3 Quantification by PIXE/RBS
The combination of PIXE and RBS for thick target quantitative work was 
described by Grime (1996) (119). The described “Q faetor” method takes into 
account fundamental and measured parameters in order to yield quantitative 
information from PIXE spectra.
The total number of characteristic X-ray energy counts (N%) for a given element 
(Z) determined through the collection of a PIXE spectrum is given by:
N z  = n p £ ( E x ) C z Y ( Z ,  M)fqQ(l -  A x )  Eqn. 7
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where flp is the solid angle of the X-ray detector (steradians), e(Ex) is the energy 
dependent efficiency of the detector, M represents the parameters of the sample 
matrix (Z, layer thicknesses, major element fractions etc.), c% is the concentration 
of Z in the sample (ppm), Y(Z, M) is the normalised, matrix-corrected thick 
target yield for the measured X-ray line of Z (counts/ppm • pC • steradian), Q is 
the uncorrected charge measured either directly from the sample or by a Faraday 
cup behind the sample (pC), fq is the “Q factor”, the ratio between measured 
charge and true charge, and Ax is the fractional dead time on the given element 
X-ray channel. s(Ex) is a system constant, needing infrequent re-measurement 
and Dip is determined whenever the sample is changed or the detector is moved. 
Q and Ax are measured during the experiment, meaning that the only unknowns 
are the matrix composition, M, and the Q factor, fq. Both of these quantities can 
be obtained from the simultaneously colleeted RBS spectrum.
The RBS yield for a given area with limits Ei and E2 is given by:
Nb = S(E) dE = flbfqQCl - Ab) ill R(E, M) dE Eqn. 8
where S(E) is the measured backscattered particle energy spectrum 
(counts/MeV), fly is the silicon surface barrier detector solid angle (steradians), 
R(E,M) is the simulated normalised backscatter speetrum for matrix M 
(counts/MeV * pC • sr), and Ab is the fractional dead time on the backscatter 
channel. As before, fly is a system constant and Q and Ay are measured during 
the experiment.
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The key to this quantification method is the R term in Equation 8. A computer 
simulation program such as the Oxford Microbeams data acquisition software 
(OMDAQ) (120) or IB A DataFumace (NDF) (121) can be used to simulate the 
various parameters of the sample and setup, and compare it to the measured 
spectrum. By varying these parameters, optimal reduction of the difference (X^) 
between simulated and measured spectra can be aehieved, yielding the best 
possible solution for the parameter M.
The total charge in an RBS experiment can be determined by measuring the total 
area under the spectrum, so the Q faetor is the ratio between the areas of the fit 
and the experimental spectra. By inputting the simulated parameters of Y(Z, M), 
into equation 7 and correcting using the Q factor, absolute values of the 
elemental concentrations can be obtained.
In order to calibrate the system, the above method is used in the analysis of a 
certified reference material. Throughout this research, a sample of BCR-126A 
certified lead glass was used in order to calibrate the beam energy, the solid 
angles of the deteetors, the energy ranges of the spectra and the filter thickness 
on the SiLi detector. The certified glass is a suitable standard for this purpose as 
it is fiat, has a known composition which is homogeneous with depth and 
contains different elements with different X-ray energies. This is important as it 
allows the determination of the thickness of the filter on the SiLi detector. The 
known ratio of the cross sections of these lines means that their expected 
absorption in the filter is also known, hence, the filter thickness can be 
determined.
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The known composition of the glass is first used to fit the backscattered particle 
speetrum by virtue of the edges in the spectrum corresponding to the major 
elements in the glass, silicon, oxygen and lead, as shown in Figure 3-7. This 
allows the beam energy, the detector resolution and the accumulated charge to be 
accurately determined, given prior knowledge of the scattering angle which is 
measured using a laser.
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Figure 3-7. Fitted RBS spectrum of BCR-126A certified lead glass. 2.5 MeV beam  
focussed to 5 X 5 pm, 1 uA beam current
With knowledge of the beam energy, the charge, and the elemental cross 
sections, the Guelph PIXE (GUPIX) code then calculates the elemental 
composition of the sample and compares it to the certified values. At this point, 
with everything else having been calibrated, the value for the thickness of the 
filter can be adjusted until the measured and the certified values differ by ~ 6% 
or less. This calibration procedure is repeated after every time the sample 
chamber is opened, due to the possibility of slight changes in geometry of the 
sample in relation to the detectors, or after the beam energy has been altered.
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3.5 Ambiguity in RBS spectra
Inherent ambiguities exist in RBS spectra and the resultant quantification with 
PIXE, especially for those samples that are inhomogeneous with depth (122). 
This is due to the fact that the energy of the backscattered particles is dependent 
on both mass and depth. Given that the backscattered particle yield is also 
dependent on the scattering angle, much of this ambiguity can be solved by 
collecting spectra from two different angles.
The calculation of the sample composition at a given depth is dependent on the 
calculation of the composition at shallower depths, and as a result, errors grow as 
deeper compositions are determined. Samples with rough surfaces also lead to 
ambiguity as the energy straggling caused by the roughness is difficult to 
calculate. This problem was addressed in 2008 by Molodtsov et al. (123), who 
developed a code for dealing with sample roughness, which has recently been 
incorporated into the DataFumace IBA data analysis software.
3.6 Nuclear Reaction Analysis (NRA)
If the incident beam energy is sufficiently high and the atomie mass of the target 
element is sufficiently low, incoming ions can overcome the Coulomb repulsion 
exerted by the positively charged nucleus and the scattering becomes 
inelastic (13). This gives rise to nuclear reactions as part of the kinetic energy of 
the ineident protons is transferred to the target nuclei causing them to become 
excited. These excited nuclei then decay by the emission of y-rays 
(eg. ^^B(p, piy)^^B) and/or particles (eg. ^^B(p, aiy)^Be). The nuclear reaction
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products are of charaeteristic energy in relation to the parent element, allowing 
the elemental eomposition of a sample to be determined. This is called nuclear 
reaction analysis (NRA). For the proton beams used in this researeh, the only 
accessible elements are light elements such as boron, lithium and sodium, 
because the nuclei of these elements offer suffieiently low repulsion to the 
incoming ion beam.
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Figure 3-8. Illustration of the nuclear reaction for hydrogen detection with ions (124)
The first stage of the reaction in Figure 3-8 gives rise to highly energetic a 
particles which are detected by the same type of silicon surface barrier deteetors 
used for RBS. The second stage of the above reaction results in the emission of 
y-rays, which will be discussed in the next section.
3.6.1 Particle Induced y-ray Emission (PIGE)
Particle induced y-ray emission (PIGE) is a technique that falls under the broader 
term of nuclear reaction analysis (13). PIGE is only concerned with the detection 
of y-rays emitted during nuclear reactions, such as the one shown in Figure 3-8. 
Neither NRA nor PIGE have smooth cross section functions. The detection of a 
characteristic a particle or y-ray is dependent on whether a nuclear reaction is
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induced at a given energy, and subsequently what the probability or cross section 
of that reaction is. Each nuclear reaetion has an excitation function that varies 
with beam energy.
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Figure 3-9. Excitation function of the reaction ’^F(p,p’y)^^F (125)
Absolute quantification by PIGE can be earried out using a code reported by 
Mateus et al. (2005), which considers excitation functions of the nuclear 
reactions and stopping power cross sections (126).
3.7 Scanning electron microscopy/energy 
dispersive X-ray spectroscopy (SEM-EDS)
Scanning electron microscopy (SEM) is an extremely powerful imaging 
technique with spatial resolution in the nanometre range (127). A beam of 
primary electrons is fired at a target of interest, causing ionisation and thus 
generating secondary electrons. A detector counts these electrons and sends the 
signal to an amplifier after which an image is created. Using the same setup, 
backscattered electrons (BSE), which are electrons from the incident beam that
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have been elastically scattered from the atomic nuclei in the target, can also be 
measured and used to create images. An example of secondary electron and 
backscattered electron images can be seen in Figure 3-10.
Figure 3-10. Secondary (left) and backscattered (right) electron images of GSR particles (3)
The brighter spots on the BSE images are indicative of the presence of heavy 
elements such as lead, barium and antimony. BSE is used extensively in the 
automated SEM-EDS systems of forensic laboratories for GSR analysis, 
whereby a threshold brightness is set, and should any particles exceed that 
threshold whilst the instrument remotely scans, the location of the suspect 
particle will be logged to allow subsequent investigation by the operator.
The SEM-EDS elemental analysis principle is analogous to PDCE, the major 
difference being the fact that incident electrons rather than high energy ions are 
used to eject inner shell electrons. As mentioned earlier in the chapter, this 
means PDCE offers greater sensitivity to trace elements due to the effective 
absence of primary bremsstrahlung.
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The quantitative analysis of particles is extremely difficult when using 
SEM-EDS due to a number of geometric and matrix effects. Firstly, the X-ray 
excitation volumes for SEM-EDS and PDŒ are starkly different. For the 
electron beam, the excitation volume consists of a pear-shape fi*om the point of 
impact brought about by the collision cascade of the electron beam. The 
dimensions of the excitation volume depend on the beam energy, spot size and 
the density of the target, which is not easy to calculate using SEM-EDS. In 
contrast, the excitation volume for PIXE is defined by the path of the more 
“rigid” ion beam. The majority of collision cascades therefore occur at the end of 
the ion beam range, which is usually far too deep for low energy X-rays to 
escape. Even in bulk samples, the uncertainty in the excitation volume for 
SEM-EDS was estimated to be 4% (128), an uncertainty that is avoided by using 
PIXE.
This uncertainty is exacerbated when the analysis of small particles is 
considered. As the dimensions of the particle approach that of the interaction 
volume of the beam in a bulk target, electrons can escape from the sides and 
bottom of the particle. This reduces the X-ray intensity ratio relative to a bulk 
target, as shown in Figure 3-11 (127).
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JO h*v\7  k .V
1 pm
Figure 3-11. Monte Carlo electron trajectory calculations of the interaction volume as a 
function of beam energy in spherical particles of aluminium (127)
Another problem in quantitative SEM-EDS is eorrecting for X-ray absorption. 
The principal process of X-ray absorption in the microanalysis energy range of 
interest ( - 0 - 3 0  keV) is the photoelectric effect, whereby the total energy of the 
X-ray is transferred to a bound electron that is subsequently ejected. The 
uncertainty in the absorption correction is due to the unknown X-ray path length. 
This uncertainty is estimated to be around 5% for bulk samples (128), another 
result of the complex shape of the excitation volume for SEM-EDS. For the 
quantification of inhomogeneous particles such as GSR, the uncertainty in the 
absorption correction will rise significantly due to the unknown matrix. Much of 
this uncertainty is avoided for PDCE when used in tandem with RBS, which can 
be used to give an independent measurement of the matrix and its variation with 
depth, and allow for far more aceurate X-ray absorption corrections.
61
Chapter 3 - Experimental Theory
3.8 Canonical Discriminant Function Analysis 
(CDFA)
Canonical discriminant function analysis (CDFA) is a multivariate statistical 
analysis tool that develops functions based on independent variables in order to 
classify specimens into groups (129). The success of the predicted group 
membership can then be tested in order to assess the suitability of using the 
model for classification. CDFA has been used in this research to assess the 
potential of using IBA for the sub-categorisation of GSR in the UK.
A discriminant function is the linear combination of the independent variables 
that will discriminate best between specimens in defined groups.
The discrimination function is derived from the following equation:- 
Zjk =  ^  +  ^ l ^ l k  +  ^ 2 ^ 2 k   ^ n ^ n k  Eqn. 9
where Zjk is the discriminant Z score of discriminant function j  for specimen k, a 
is the intercept, Wi is the discriminant weight for the independent variable z, and 
Xik is the independent variable z for specimen k.
As has been found with other multivariate techniques, the discriminant score for 
each specimen in the analysis is a sum of the values obtained by multiplying 
each individual variable by its discriminant weight. In CDFA, each specimen can 
have more than one discriminant score. Discriminant functions are generally
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presented in order of how much of the variance within the group is explained, 
with the first function explaining the highest proportion of the variance. The 
statistical significance of the functions can be ascertained from the significance 
of the Wilks’ lambda value, which is a measure of the proportion of the variance 
in the grouping variable that is left unexplained by the independent variables. For 
example, a Wilks’ lambda value of 0.12 means that only 12% of the variance in 
the grouping variable is left unexplained by the independent variables.
The group mean, called a group centroid, is determined by averaging the 
discriminant scores for all of the individual specimens in the group. By 
comparing group centroids, the discrimination between different groups can be 
assessed.
Once a calibration model has been constructed using specimens from known 
groups, any new specimens can be classified in terms of how likely they are to 
belong to any of the groups defined by the calibration. In order to classify 
specimens, the squared Mahalanobis distance is calculated between the new 
specimen and the group centroids for each of the groups used to create the 
model. The Mahalanobis distance is a function of the mean differences on 
individual variables and the correlational structure of the variables (130). 
Therefore, a new specimen is classified into the group which has the smallest 
squared Mahalanobis distance between the group centroid and the new case.
The success of the classification capability of the model can be tested by 
assessing the percentage of cases correctly classified, also called the hit ratio. A
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high hit ratio indicates that the model has strong classification capability. The 
computer software package SPSS® (Statistical Package for the Social Sciences) 
version 18 was used to carry out the discriminant function analyses in this 
research. Studies such as that by Morgan and Bull (131) outline some limitations 
to using multivariate statistical analysis in a forensic context, although many of 
these derive from sample preparation procedures that are not relevant in this 
research. By including all of the analysed particles and all detected elements, the 
statistical analyses presented in this thesis are as robust as possible.
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Chapter 4 -  Feasibility of Using IBA for GSR 
Casework 
4.1 Introduction
The potential application of ion beam analysis (IBA) for gunshot residue (GSR) 
analysis was demonstrated in 2009 by Bailey et ah (32). However, this study 
failed to address many of the fundamental issues that must be considered when 
proposing any new technique for use in forensic analysis, including the testing of 
the validity and reproducibility of the results obtained. Before any further study 
could be carried out to assess whether IBA could improve the evidential value of 
GSR, it was important to ascertain whether using IBA in GSR casework was 
genuinely feasible. The following chapter assesses the feasibility of using IBA in 
GSR casework by investigating particle relocation methods, the non-destructive 
nature of the analysis, the use of a background subtraction procedure and the 
reproducibility of the analytical results.
4.2 Particle relocation
Due to the superior imaging capability and the well-established automation of 
scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM-EDS) 
for GSR analysis (50), in addition to the relatively low cost of SEM-EDS when 
compared with IBA, it is more time and cost effective to locate particles using 
SEM-EDS, log their locations and then relocate the same particles with the ion 
beam. In the study carried out by Bailey et al (32) and in the majority of the 
analyses in this research, copper SEM finder grids were utilised for this 
relocation, as shown in Figure 4-1.
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Figure 4-1. Photograph of SEM copper finder grids. Left -  Used in study by 
Bailey et al. (32); Right -  Used in this project
The use of these finder grids adds to the speed and simplicity of the analysis 
which is pertinent to GSR analysis using IBA due to the prohibitive cost of 
instrument time. However, the use of these grids is unsuitable in casework for a 
number of reasons. Firstly, if particles are in close proximity to the copper bars 
of the grid, there is a chance that outgoing X-rays or secondary electrons would 
be absorbed by the grid, depending on the geometry of the detectors in the 
chamber, as shown in Figure 4-2 which was obtained as part of the current 
investigation.
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■50um 594129 PÜ (UniS)
Shadowing
Figure 4-2. Bar of copper finder grid masking chlorine X-rays from the stub from an area 
within 100 pm. Red -  copper X-ray map, blue -  chlorine X-ray map
Secondly, the copper grids are not permanent. They are stuck to the stub, relying 
on the adhesion of the carbon disc. Much of the disc’s adhesion will have been 
lost during the sample collection process due to the surface being littered with 
skin flakes and small hairs and fibres. The grid may not remain adhered to the 
surface for long periods of time. If adhesion was lost and the grid came away 
from the stub, the logged locations of the GSR particles would also be lost.
Thirdly, and most significantly, there is the possibility of covering GSR particles 
with the grid, illustrated in Figure 4-3 for a particle located as part of the current 
research. With very few particles typically recovered in real cases, the risk of any 
of them being covered up and unavailable for analysis is simply unacceptable.
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Figure 4-3. Illustration of the potential for Cu finder grids to obscure GSR particles
It was therefore necessary to develop a gridless protocol for the relocation of 
particles previously analysed by SEM-EDS.
The automated GSR particle location procedure utilised by forensic laboratories 
typically searches the central ~ 8 mm  ^ of a standard 12.7 mm collection stub. 
This is due to the disparity between the shape of the round collection stub and 
the square/rectangular SEM-EDS field of view (132). It was noted that four 
segments were left around the outside of the stub into which reference points 
could be etched without affecting the area of analysis, as shown in Figure 4-4.
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Figure 4-4. Left -  White square denotes ~ 8 mm analysed by SEM-EDS automated search 
procedure. Right -  Etched points at cardinal directions with two dots denoting 
North
Particles were located using a manual SEM-EDS search procedure and their 
positions were logged in relation to the etched reference points, as shown in 
Figure 4-5. Where possible, measurements from two reference points were taken 
to maximise the chances of relocating the particle.
69
Chapter 4 - Feasibility o f Using IBA for GSR Casework
mm
3.96 mm
4.77 mm 0.5 mm 
1.49 mm
4.55 mm
Figure 4-5. Demonstration of the particle location logging procedure
SEM images from two or three different magnifications were also taken and 
compared to the secondary electron images generated by the ion beam to ensure 
that the correct area was being probed. This was confirmed by the patterns of 
surrounding features such as hairs and fibres, which are typically picked up when 
skin or clothing is sampled for GSR. It is essential that triangulation 
measurements are taken for successful relocation in the IBA chamber. The 
measurements can then simply be used as directions to the area of interest. The 
reliance on horizontal and vertical measurements requires any rotation of the 
round stub to be removed. This was done using a modified stub holder with a 
grub screw to restrict rotation of the stub in the instrument.
Having followed the directions, a 500 pm map is collected, and secondary 
electron images and X-ray maps of major elements are used to zoom in on the
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selected particle. All maps are typically accumulated in 1 to 2 minutes. The 
entire particle location logging and relocation procedure is demonstrated for a 
6 pm particle in Figure 4-6.
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500 pm X 500 pm scan (Ion beam SE map -  left, SEM image -  middle, barium X-ray map right)
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250 pm X 250 pm scan (Ion beam SE map -  left, SEM image -  middle, barium X-ray map right)
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50 pm X 50 pm scan (Ion beam SE map -  left, SEM image -  middle, barium X-ray map right)
Figure 4-6. Demonstration of procedure for GSR particle relocation with the ion beam
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The procedure was then honed with simple straight lines used as the reference 
points instead of the slightly more destructive etched Vs. A triple line was used 
for the north point. Having shown that the procedure was suitable for 
non-destructive GSR particle relocation with all of the analysis done in-house, it 
was important to validate the method by having a professional GSR analyst carry 
out the first location stage with SEM-EDS, as would be the situation in a real 
case. Another important aspect of the validation was to use a sample taken from 
hands, leading to a more realistic recovery of extraneous features such as hairs 
and fibres. The sample used in the trial stage had been obtained by scraping out a 
cartridge case with a DNA collection swab, leading to an unrealistic amount of 
fibres that could be used for orientation. Dr. Matteo Donghi of the Carabinieri 
GSR Analysis Laboratory in Parma, Italy, located GSR particles on a sample 
stub taken from a shooter’s hands and logged their locations as per the outlined 
procedure.
Having followed the procedure, 9 out of 11 particles were successfully relocated 
with the ion beam. The successfully relocated particles were of varying sizes, 
with the smallest being 1 pm, with barium as its main constituent element. The 
full series of images demonstrating the relocation of this particle can be found in 
Appendix 1. The non-destructive relocation of a 1 pm particle, at the most 
challenging end of the 1-10 pm size range of GSR typically recovered in 
casework, is critical as spatial resolution is one of the key criteria for GSR 
analysis. Complementary techniques such as micro X-ray fluorescence 
spectroscopy (p-XRF) are currently not considered suitable for GSR analysis due
73
Chapter 4 - Feasibility o f Using IBA for GSR Casework
to their spatial resolution not being sufficient to relocate and analyse small 
individual particles such as these (see Section 2.3.4).
The particles that could not be relocated for analysis were both also 1 pm in size, 
but the beam was focussed to ~ 2 x 2 pm for the attempt at their relocation, 
compared to the ~ 1.2 x 2 pm beam spot size used for the successful 1 pm 
particle relocation. This work reinforces the fact that the very limit of current 
Surrey microbeam IBA capability is being tested. Nevertheless, this could be 
overcome in future casework by running the scan for longer to allow sufficient 
heavy element X-ray counts to accumulate and/or by analysing with a 
sub-micron ion beam with appreciable beam current (currently under 
development).
4.3 Spectral fitting protocol
In the feasibility study by Bailey et al. (32), the spectra were fitted using the 
Guelph particle induced X-ray emission (GUPIX) code (133) implemented in the 
Oxford Microbeams data acquisition software (OMDAQ) (120), varying the 
elemental composition used to create the fit for each and every particle. In the 
same year, the same group took a more refined approach, using the powerful 
DataFumace package to take the geometry of the GSR particles into account, 
allowing the absolute quantification of GSR particle composition (33). However, 
the number of particles analysed in both studies was small, and the methods were 
both deemed to be too time-consuming for use in casework, and for this research 
project in which hundreds of particles were to be analysed.
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Therefore, a more streamlined data analysis procedure was implemented, using 
the same GUPIX and OMDAQ codes as for the feasibility study of 
Bailey et al (32), but without changing the individual particle matrix elemental 
composition. The Rutherford backscattering spectrometry (RBS) spectra were 
fitted with the same matrix elemental composition for each particle; a particle 
with stoichiometry Pb Ba Sb 03 on a substrate of composition C8 01. The 
particle composition was chosen to reflect the typical major elements of GSR, 
lead, barium and antimony in their oxide states. The metal to oxygen ratio (1:1) 
used is consistent with the findings of Schwoeble et al, who used X-ray 
photoelectron spectroscopy (XPS) to determine that the three major elements of 
GSR were primarily present as PbO and Pb metal, SbiO] and BaO (83). The 
substrate composition was determined by analysing blank adhesive carbon discs 
and is consistent with the composition determined by Bailey and Jeynes (33).
Whilst the elemental composition used was the same each time, the thickness of 
each particle was fitted individually to ensure a reasonable calculation of X-ray 
absorption. The fits are somewhat distorted due the fact that the geometry of the 
spheroidal particles has not been taken into account (Figure 4-7).
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Figure 4-7. Fitted RBS spectrum of lead-barium-antimony GSR particle using streamlined 
protocol
Whilst this method sacrifices some of the absolute quantitative accuracy 
demonstrated by Bailey and Jeynes (33), the relative differences between the 
particles of interest are still valid, as the data from each particle has been treated 
in the same way, and the instrumental parameters were kept the same.
4.4 Background subtraction
Due to the increased information depth of particle induced X-ray emission 
(PIXE) compared with SEM-EDS, it was necessary to develop a background 
subtraction procedure. It was immediately clear that the surface of the adhesive 
carbon disc substrates (manufactured by Agar Scientific) were neither 
homogeneous nor spectroscopically pure. The enhanced sensitivity of PIXE 
compared with SEM-EDS meant that what appeared to be glue spots containing 
copper were visible (Figure 4-8), whilst other elements such as sulfur and 
chlorine were detected even in the areas with no glue spots.
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-50um 541601 PO Cu Kal (UniS)
Figure 4-8. Copper X-ray map of glue spots on carbon adhesive stubs
This raised a problem as to how to confidently identify elements as being present 
in the GSR particles analysed on these stubs without having to acquire maps for 
each and every one, which would effectively double the analysis time. 
Additionally, the GUPIX code implemented in OMDAQ is not capable of 
reliably fitting the same element in two different matrix layers, making it 
difficult to discriminate between elements detected in the stub and in the particle.
One solution would have been to use the DataFumace data processing package 
to separately quantify the signals coming from the particle and from the substrate 
layer, but as discussed in Section 4.3, this would be restrictively 
time-consuming. Instead, a series of 16 measurements were taken from a number 
of blank areas of stubs that had been used for GSR collection, from points both 
on and off glue spots. Having fitted the data and obtained the quantitative results, 
a theoretical “worst case scenario” stub composition was devised, as shown in 
Table 4-1 (Page 79). Each GSR particle subsequently analysed would have the 
results for this “worst case scenario” stub subtracted from its own composition
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and would then be checked to ensure that any elements initially flagged as being 
detected in the particle were still present at a level greater than 3 times the limit 
of detection. If they were not, then they were deemed to be undetected.
This background subtraction does not affect the relative comparison of the 
particles as they all go through the same process, but rather ensures that elements 
“detected” in the particles are there beyond reasonable doubt. It is also 
conservative, because the energy loss of the beam through the GSR particle is 
~ 20 -  400 keV. [Based on 1-20 pm particles, calculated using the Stopping and 
Range of Ions in Matter (SRIM) program (134).] This will reduce the X-ray 
production cross section for the elements present in the stub, meaning they are 
less likely to be detected.
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In order to test the background subtraction method, 5 particles of a National 
Institute of Standards and Technology (NIST) 89 certified lead-barium powdered 
glass were mounted on the same type of stub as that used for GSR sampling and 
analysed. The only element detected in the glass that was outside the certification 
data was copper in the third particle, but after applying the background 
subtraction with the “worst case scenario” stub, the concentration of copper was 
reduced to a level where it was no longer considered detected, thus reinforcing 
the accuracy of the method. The results for this background subtraction can be 
seen in Table 4-2.
Particle 1 Particle 2 Particle 3 Particle 4 Particle 5
Raw 265 559 520 354 131
Background
subtracted 0 0 0 0 0
Limit of 
detection 115 377 153 203 273
Detected? No No No No No
* Concentration values quoted in ppm (or pg/g).
Table 4-2. Copper background subtraction results for particles of NIST 89 certified 
reference glass. Element considered detected if concentration greater than 
three times limit of detection. Green boxes signify correct results based on 
certified composition. Red box signifies incorrect result.
4.5 Damage test
Having shown in Section 4.2 that particles typical of those recovered and 
analysed in casework can be non-destructively relocated for subsequent IBA, it 
was then necessary to ensure that IBA was not destructive to the particles. 
Damage to any forensic evidence is considered to be unacceptable due to the 
need to be able to re-analyse samples in the future to check results or to utilise 
new technological advances in forensic analysis (35). This necessity has been the
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reason that many, powerful analytical techniques, such as inductively coupled 
plasma mass spectrometry (ICP-MS), have been overlooked for the analysis of 
real GSR casework samples (see Section 2.3.4).
In order to ascertain whether IBA poses a real risk to the integrity of GSR 
evidence, an overnight point scan was performed on a selected particle of GSR 
collected from a Federal 9 mm Luger 95 grain jacketed soft point cartridge 
containing lead, barium and antimony. The point scan was run for 14 hours and 
41 minutes in the centre of the particle. A list mode file was collected in order 
that the data could be ‘rewound’ to certain points in the analysis in order to 
determine whether the elemental composition of the particle was changing 
throughout the run.
SEM images from before and after the run clearly show that the morphology of 
the particle remains unaffected by the analysis as shown in Figure 4-9, despite 
the unrealistically long run time (~ 15 hours) and high beam current (3 nA). An 
overlay of the PIXE spectra from the first 5% and last 5% of the run time also 
showed that there was no measurable change in the particle’s elemental 
composition (Figure 4-9). The RBS spectrum from the last 5% of the run time 
appears to show a lower signal from the particle and an increased signal for the 
background stub when compared with the first 5%. Given that the PIXE spectra 
showed no measurable change in the elemental composition of the particle, the 
disparity between the RBS spectra is most likely due to some slight movement of 
the beam in relation to the particle. This can be caused by temperature 
fluctuations in the laboratory overnight affecting the various steerers and lenses
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used to focus the beam. The spiky nature of the RBS spectrum is due to 
overloading of the detector caused by the high beam current (3 nA).
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Figure 4-9. SEM images of Federal 9 mm Luger 95 grain jacketed soft point GSR particle 
before (top left) and after (top right), and PIXE (middle) and RBS (bottom) 
spectra from first 5% (blue) and last 5% (yellow) of run time. 14 hour 41 
minute point scan, 2.5 MeV beam focussed to 4.5 x 5 pm, beam current of 
3 nA
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In order to confirm that the analysis had no measurable effect on the elemental 
composition of the particle, quantitative results were extracted at 10% intervals 
throughout the analysis time. The spectra at each time interval were fitted 
according to the protocol outlined in Section 4.3. The results can be found in 
Table 4-3, and show that the relative standard deviations (RSDs) of the elemental 
concentrations from all 10 time intervals range from ± 0.6% up to ± 5.6%. The 
highest value of ± 5.6%, measured for silicon, is comparable to the spectral 
fitting uncertainty (~ 6%). It may also have been due to slight errors in the dead 
time calculation or a slight movement of the sample stage overnight. However, it 
is suitably small so as to be confident that even this unrealistically harsh analysis 
did not cause any measurable change in elemental composition.
The extent to which the chemical composition of the particle has been altered by 
the ion beam has not been determined. It is inevitable that many chemical bonds 
will have been broken and loss of hydrogen from the particle may have occurred. 
However, neither the chemical composition nor the hydrogen content of GSR 
particles is currently of any concern in the analysis of GSR in casework. Should 
these become important criteria for GSR analysis in the future, the changes 
brought about by IBA could be investigated by secondary ion mass spectrometry 
(SIMS) for the chemical composition and by elastic recoil detection analysis 
(ERDA) for the hydrogen content.
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4.6 Reproducibility
Another key requirement of forensic analysis techniques is that the results they 
yield are reproducible, as mentioned in Section 2.2. If a technique cannot 
demonstrate reproducibility, then no results obtained using that technique could 
ever be used to convince a court beyond reasonable doubt that the results were 
reliable. In this section, the quantitative reproducibility of IBA for GSR analysis 
has been tested.
4.6.1 Quantitative reproducibility
In order to evaluate the reproducibility of our quantitative GSR analysis, the 
fourteen particles from the SPl stub and the thirty particles from the 0G4 stub 
were reanalysed four months and one year respectively after their initial 
analyses. These particles had major elemental compositions of lead, barium and 
antimony. The beam energy of 3 MeV used for the repeat analyses was the same 
as the energy used for the initial SPl analysis, but was higher than the 2.5 MeV 
beam energy used for the initial 0G4 analysis. The fitting and background 
subtraction protocols presented in Sections 4.3 and 4.4 were used to analyse the 
data. Relative standard deviations (RSDs) for each element that was 
systematically detected in all particles were calculated.
For the SPl particles, the relative standard deviations obtained between the two 
measurements were fairly impressive, with mean RSD values for sulfur, iron, 
copper, antimony, barium and lead of ± 15% or less. The only exception was 
potassium with a mean RSD of ±22%. This may be due to the fact that
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potassium was generally detected at concentrations much nearer its detection 
limit than the other elements, which reduces the accuracy with which the X-ray 
peaks can be fitted.
As a test of whether the fitting protocol had any effect on the reproducibility of 
the data, Mr. John Warmenhoven (MPhys student) refitted the particle spectra 
for each individual particle using an iterative procedure to obtain an optimal 
result. The relative standard deviations from the initial data analysis and the 
refits can be found in Figure 4-10.
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Figure 4-10. Relative standard deviation box plots for the replicate analyses of fourteen SPl 
particles
Above -  Data fitted using fitting protocol in Sections 4.3 & 4.4 
Below -  Data fitted using iterative process used by Bailey et al. (32)
It can be seen that the results are almost identical, with the iterative data fitting 
only reducing the mean relative standard deviations of sulfur, antimony and 
barium by ± 2-3%. The more time-consuming iterative method does not greatly
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improve the precision of the analysis by better interpretation of the particle 
compositions, despite the inhomogeneous nature of the particles and the fact that 
the beam will probe slightly different points of the particles in each analysis. 
This finding strengthens the argument for using the more streamlined data fitting 
protocol presented earlier in this chapter.
The results for the thirty 0G4 particles are less impressive, with mean RSD 
values for iron, copper, zinc, antimony, barium and lead of ± 38-46%. This can 
be attributed to the fact that the beam energy was different for these two runs 
(2.5 MeV for initial analysis, 3 MeV for re-run). Different beam energies meant 
that each analysis had a different information depth, and whilst the sophisticated 
fitting demonstrated by Bailey and Jeynes (33) using the DataFumace software 
package would be able to accurately compensate for this, the current data 
analysis procedure cannot do so. This reiterates the need to keep the analysis 
conditions the same for each mn when using the proposed protocol, and 
demonstrates that the procedure can only give relative rather than absolute 
quantification of GSR particle composition.
4.6.2 Qualitative reproducibility
In order to test the qualitative reproducibility of the analysis, a round robin study 
was devised involving 4 other IBA facilities from around Europe; the Jozef 
Stefan Institute in Ljubljana, Slovenia (JSI), the Ruder Boskovic Institute in 
Zagreb, Croatia (RBI), the Centre National de la Recherche Scientifique in 
Bordeaux, France (CNRS) and the Laboratorio Beni Culturali in Florence, Italy 
(LABEC). Three particles of GSR from a Rheinisch-Westfalische Sprengstoff
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(RWS) Sintox® 9 mm Luger 124 grain fiill metal jacket cartridge and four 
particles from a Sellier and Bellot (S&B) Sinoxid® 9 mm Luger 124 grain full 
metal jacket cartridge were first analysed by SEM-EDS at the Carabinieri 
laboratory in Rome, Italy, before being analysed by IBA at the Surrey Ion Beam 
Centre (SUR) and sent to each of the other laboratories in turn for analysis. The 
summary of the results and experimental conditions can be found in Appendix II.
All IBA labs detected all of the elements found by SEM-EDS in all of the 
particles. All IBA labs additionally detected iron in the RWS Sintox® particles 
except RBI in Croatia. This was not completely unexpected as RBI conducted 
their experiments with a beam energy of 2 MeV, giving them approximately half 
the PIXE cross section for iron (240 bams) compared with those labs mnning at 
3 MeV (488 bams) (109). Another element that was detected by all of the IBA 
labs, in addition to those detected by SEM-EDS, was sulfur. Whilst some other 
results look promising for PIXE offering enhanced evidential value compared 
with SEM-EDS, such as the fact that nickel was detected in two of the RWS 
Sintox® particles by SUR and CNRS, it is difficult to make further conclusions 
about the reproducibility of the analysis when every laboratory was mnning with 
different experimental conditions.
In the future, a more stringent round robin study should be conducted, with all 
laboratories mnning the same setup and data analysis protocol in order that both 
the qualitative and quantitative reproducibility of IBA can be investigated.
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4.7 Summary
In this chapter, a protocol for the use of IBA in GSR casework has been 
presented. A non-destructive reloeation of particles previously analysed by 
SEM-EDS has been demonstrated for particles down to 1 pm in size, thus 
removing the need for copper finder grids required in previous studies. A new 
background subtraction procedure and spectral fitting protocol have been 
developed, a marked improvement on the restrictively time-eonsuming 
procedures presented previously.
The non-destructive nature of IBA for GSR analysis has been confirmed through 
the observation of no marked morphological or compositional changes following 
an unrealistieally long analysis, with a larger than usual beam current. The 
reproducibility of the analysis has been demonstrated by obtaining very similar 
results having analysed the same particles months apart, although the need for 
maintaining a common set of experimental conditions has been highlighted.
In the future, forensic investigators eould be confident that were they to 
implement the outlined procedures, they would obtain non-destruetive, 
reproducible data that enhanced the evidential value of GSR in cases where 
SEM-EDS had provided insufficient results. They would also be able to present 
those findings in a court of law, with the underlying science having shown to be 
robust, reliable and reproducible.
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Chapter 5 -  Discrimination of Heavy Metal 
Primers Using IBA
This chapter outlines an investigation into whether GSR from different makes of 
ammunition can be successfully diseriminated using ion beam analysis (IBA).
5.1 Introduction
At present, forensic investigators in the UK classify gunshot residue (GSR) into 
one of five types, based on their major elemental composition. These types are as 
follows
Type 1 -  lead, barium and antimony 
Type 2 -  lead, barium, antimony and aluminium 
Type 3 -  lead, barium, antimony and tin 
Type 4 -  barium, calcium, silicon, lead 
Type 5 -  barium, calcium, silicon, lead and tin
The majority of residues are classified as being either Type 1, 2 or 3, severely 
limiting the ability of an expert examiner to diseriminate between GSR from 
different sources. There are a number of scenarios where this may prove to be 
problematic. One example is where a suspeet has been arrested for a firearms 
offence by an armed support police officer. When GSR is reeovered from the 
suspect, he/she may use the defence that the GSR was transferred to them during 
the arrest, as the armed support officer is inevitably eontaminated with GSR. 
There is a strong possibility that the GSR recovered from both the suspect and
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the officer will be of the same type, and therefore it would be difficult to prove 
beyond reasonable doubt that the suspect had discharged a firearm.
An attempt was made by Steffen et al. in 2007 (135) to diseriminate between 
individual makes of primer using discriminant analysis of scanning electron 
microscopy/energy dispersive X-ray spectroscopy (SEM-EDS) spectra that had 
undergone Fast Fourier Transformation (FFT). Whilst the authors were 
suceessfiil in discriminating between eight different makes of heavy metal 
primer, there were a number of limitations to the study. Firstly, the study used 
some primers that had different major element compositions that would therefore 
not require such a sophisticated discrimination procedure in a real case. Particles 
used to create the statistical model numbered three thousand per ammunition, 
large enough so as to be restrictive when wanting to add new primers to the 
database.
Due to the large number of particles analysed, and the large number of data 
points in each spectrum, the data was reduced using FFT. However, this will 
have led to some of the fine detail due to the presence of minor elements in the 
spectra being lost, which may have reduced the discrimination power. Also, no 
quantitation of elemental composition was attempted, meaning that results could 
not be compared between different laboratories. Finally, the authors did not use a 
certified standard to normalise the results and therefore the reprodueibility of the 
discrimination remains questionable.
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The investigation presented in this chapter does not suffer from the same 
limitations as those in the study by Steffen et al. (135).
5.2 Contribution of the firearm to GSR 
composition
Before undertaking a comprehensive study into whether IBA could be used to 
further discriminate GSRs from different makes of primer, it was important to 
ascertain whether the firearm used to discharge the cartridge had a marked effect 
on the elemental composition of the GSR. Any major contribution from the 
firearm could severely reduce the value of any classification system based on 
elemental composition.
In order to evaluate whether the fireann would have any measurable effect on the 
elemental composition of GSR particles, one brand of ammunition was fired 
from five different weapons. Federal 9 mm Luger 95 grain jacketed soft point 
cartridges were fired from five different handguns, shown in Figure 5-1, at the 
Surrey Police Tactical Firearms Unit, Mount Browne, Guildford.
SIG Sauer P226 Glock 17 Smith & Wesson 5946 SIG Sauer SP20 Heckler & Koch USP
Figure 5-1. Firearms used for testing contribution of firearm to GSR composition
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The weapons were not cleaned and the history of the guns was unknown, as 
would be the case in a real investigation. A 2009 study by Donghi (136) found 
that using ultrasonie baths, dishwashers or shooting tens of rounds from a new 
brand was not sufficient to remove all traces of the GSR from previously fired 
ammunitions.
GSR was collected from the hands of the shooters with adhesive carbon stubs 
supplied by Agar Scientific. Hands were thoroughly washed between each firing 
and dried on disposable paper towels so as to avoid any eontamination from 
repeated use of cotton towels. A blank collection was taken between hand 
washing and firing. In subsequent analyses, one particle of GSR was found on 
two of the blank stubs. This was not considered to be a problem as results were 
based on populations of between fourteen and nineteen particles per firing.
Fresh latex gloves were used for each collection and sampling was carried out 
over ten metres away from the firing site in order to avoid any airborne 
contamination of the stubs. Once baek in the laboratory, partieles were located 
and logged using SEM-EDS and analysed by IBA as per the protocol outlined in 
Chapter 4.
Initially, box plots were used as a simple visual tool in order to see if any 
distinctions could be made between the speeimens, each made up of between 
fourteen and nineteen particles. The elements that were detected in the particles 
were lead, harium, antimony, sulfur, iron and copper. The box plots showed no 
obvious discrimination between the interquartile ranges of the detected elements
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between specimens, as can be seen in Figure 5-2. For brevity, only the iron and 
copper box plots are displayed. The box plots for the other detected elements can 
be found in Appendix III.
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Figure 5-2. Box plots of iron and copper content in specimens of GSR from Federal 9 mm 
Luger 95 grain jacketed soft point ammunition fired from five different 
weapons. 3 MeV beam focussed to ~3x3 pm, beam current 750 pA, 
acquisition time 5 minutes per particle. The top of each box represents the 
upper quartile, the bottom of each box represents the lower quartile and the 
whiskers represent the range of the data.
The interquartile ranges of copper and iron concentration for every group 
overlap, suggesting that these specimens cannot be discriminated. In order to 
further test the point, the results were subjected to canonical discriminant 
function analysis (CDFA), a sophisticated multivariate data analysis technique
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designed to determine the degree to which a group of specimens can be 
discriminated from one another. The fundamental principles of the technique can 
be found in Section 3.8.
Test of Function(s) Wilks' Lambda Chi-square df Sig.
1 through 4 .703 27.990 24 .260
2 through 4 .851 12.803 15 .618
3 through 4 .968 2.613 8 .956
4 .997 .217 3 .975
Table 5-1. Canonical discriminant function analysis results for S P l, SP2, SP3, SP4 and SP5. 
Sample details can be found in Appendix IV
The CDFA results, seen in Table 5-1, support the results from the box plots. The 
canonical discriminant functions created by the algorithm to try and discriminate 
the specimens have a high Wilks’ lambda value of 0.703. This means that all of 
the functions leave 70.3% of the variability between the specimens unexplained. 
The significance value of p = 0.260 confirms that the discrimination is not 
statistically significant (95% confidence requires that p < 0.05).
These results demonstrate that the firearm does not have a sufficient enough 
impact on the elemental composition of GSR so as to facilitate the discrimination 
of GSR specimens from different firings of the same ammunition. Therefore, an 
attempt to set up a classification system for GSR based on IBA analyses is valid.
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5.3 Discrimination of GSR collected from 
cartridge cases
In order to determine whether IBA could be used to implement a classification 
system for GSRs from different makes of ammunition, ten specimens were 
selected from a police ammunition survey, supplied by Dr. Chris Moynehan at 
LGC Forensics. Five of the ammunitions had been classified by SEM-EDS as 
Type 1 and the other five had been classified as Type 2. As mentioned in the 
introduction to this chapter. Type 1 and 2 residues are two of the most commonly 
recovered residues in casework, and therefore any further discrimination power 
that could be gained by using IBA would be extremely useful. The details of the 
ammunitions selected along with their identification labels can be found in 
Appendix IV. Thirty particles per specimen were analysed as per the protocol 
presented in Chapter 4. All particles had been collected from cartridge cases.
To ensure a fair comparison between residues, only those particles considered 
“characteristic o f’ GSR were selected for analysis -  i.e. those which contained 
lead, barium and antimony. Of course, the entire population of particles 
“consistent with” GSR (those containing lead-barium or barium-antimony for 
instance) was not being sampled in this approach, to reduce ambiguity in the 
interpretation of data from a heterogeneous set of samples. This approach was 
also necessary in order to avoid the possibility of basing conclusions on results 
from particles that were not actually GSR. The outcome of a CDFA analysis of 
the results, carried out using SPSS version 18, is displayed in Figure 5-3. 
Elements detected in the particles and used in the CDFA were lead, barium, 
antimony, iron, copper, zinc, sulfur, potassium and aluminium.
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Canonical Discriminant Functions
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Original Count 3 24 3 0 0 0 0 1 0 1 1 30
4 7 16 0 2 0 0 1 0 1 3 30
6 2 1 15 1 7 0 0 2 1 1 30
16 0 1 0 23 0 0 1 0 4 1 30
18 0 0 4 3 16 2 0 4 0 1 30
19 1 0 2 0 0 22 0 4 1 0 30
21 0 0 0 3 0 0 25 1 0 1 30
28 1 0 0 0 0 7 0 22 0 0 30
40 0 1 0 7 0 0 0 0 20 2 30
45 0 0 0 0 2 0 0 0 0 28 30
% 3 80.0 10.0 .0 .0 .0 .0 3.3 .0 3.3 3.3 100.0
4 23.3 53.3 .0 6.7 .0 .0 3.3 .0 3.3 10.0 100.0
6 6.7 3.3 50.0 3.3 23.3 .0 .0 6.7 3.3 3.3 100.0
16 .0 3.3 .0 76.7 .0 .0 3.3 .0 13.3 3.3 100.0
18 .0 .0 13.3 10.0 53.3 6.7 .0 13.3 .0 3.3 100.0
19 3.3 .0 6.7 .0 .0 73.3 .0 13.3 3.3 .0 100.0
21 .0 .0 .0 10.0 .0 .0 833 3.3 .0 3.3 100.0
28 3.3 .0 .0 .0 .0 233 .0 73.3 .0 .0 100.0
40 .0 3.3 .0 2&3 .0 .0 .0 .0 66.7 6.7 100.0
45 .0 .0 .0 .0 6.7 .0 .0 .0 .0 93.3 100.0
70.3% of original grouped cases correctly classified.
Figure 5-3. CDFA results for GSR from all cartridge cases. Thirty particles per ammunition. Sample 
details can be found in Appendix IV
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It can be seen, unsurprisingly perhaps, that the residues are discriminated into 
their parent types as per the current GSR classification system. The nine 
functions used for the discrimination gave a low Wilks’ lambda value of 0.038, 
significant at the 99% significance level (p<0.001 and so p<0.01). The strongest 
predictors for Function 1, denoted by their high canonical discriminant function 
coefficients, were aluminium content (0.741) and low antimony content (-0.430). 
As aluminium content is the basis of the qualitative discrimination between these 
two types, it is no surprise that this was the strongest predictor of group 
membership. Powdered aluminium is added to primer mixtures in order to act as 
a fuel, requiring the use of less antimony sulfide, which is consistent with low 
antimony content being the other strong predictor in this case. An acceptable hit 
ratio was achieved with 70.3% of particles being correctly assigned to their 
parent ammunitions.
In a real case, where the GSR will have already been analysed by SEM-EDS and 
classified as being of a certain type (in this case Type 1 or Type 2), CDFA would 
only be run with GSR of the same type as that of the test sample. Nothing would 
be gained by including GSR of a different type as they will already have been 
ruled out qualitatively and would only serve to confuse the discrimination. 
Therefore, Figure 5-4 displays the CDFA results for the Type 1 residues only.
100
Chapter 5 - Discrimination o f Heavy Metal Primers Using IBA
Canonical Discriminant Functions
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16 .0 .0 96.7 .0 3.3 100.0
21 3.3 .0 3.3 9&3 .0 100.0
40 6.7 6.7 16.7 .0 70.0 100.0
a. 78.0% of original grouped cases correctly classified.
Figure 5-4. CDFA results for GSR from Type 1 cartridges cases. Thirty particles per ammunition. 
Sample details can be found in Appendix IV
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For Type 1, it can be seen that the different makes of ammunition discriminate 
well, with good spacing between the group centroids. The only specimens for 
which this is not the case are 0G3 and 0G4, but these are both groups of 
particles from the same make of Federal 9 mm Luger 95 grain jacketed soft point 
cartridges. The fact that these specimens are not well discriminated is promising 
as it increases the likelihood that a test sample of this ammunition would be 
correctly categorised.
The four functions created for the discrimination had a low Wilks’ lambda value 
of 0.106, significant at the 99% significance level (p<0.001). The strongest 
predictors for Function 1 were sulfur content (0.922) and low iron content 
(-0.696), and for Function 2 were low iron content (-0.628) and copper content 
(0.618). The box plots for these elements, seen in Figure 5-5, reinforce the 
CDFA results, showing that some differences can be seen between the 
interquartile ranges of the elemental concentrations of these elements for these 
specimens, particularly the low iron concentration for 0G21 and the high copper 
content for 0G3 and 0G4.
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Figure 5-5. Sulfur, iron and copper box plots for the five Type 1 residues. Sample details 
can be found in Appendix IV
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These results demonstrate the importance of using IBA over SEM-EDS for this 
discrimination. Whilst SEM-EDS does occasionally detect copper in these 
particles, it does not detect iron, and it would be difficult to reliably ascertain 
sulfur content using SEM-EDS given the large overlap of the Ka line of 
sulfur (2.31 keV) and the M« line of lead (2.35 keV). PIXE detects both copper 
and iron in all of the particles and the peak overlap of sulfur (Ka) and lead (Ma) 
can be deconvoluted by the Guelph particle induced X-ray emission (GUPIX) 
code implemented in the Oxford Microbeams data acquisition software 
(OMDAQ).
As can be seen in Figure 5-4, a hit ratio of 78.0% was obtained in the initial 
analysis. However, when specimens 0G3 and 0G4 were put back into the model 
as one combined specimen, as would be done in a real case, the hit ratio 
increased to 86.7%.
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Canonical Discriminant Functions
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28 .0 .0 16.7 83.3 .0 100.0
45 .0 3.3 .0 3.3 93 3 100.0
a. 77.3% of original grouped cases correctly classified.
Figure 5-6. CDFA results for GSR from Type 2 cartridges cases. Thirty particles per ammunition. 
Sample details can be found in Appendix IV
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Very similar results were obtained for the Type 2 cartridge case specimens, 
shown in Figure 5-6, as for the Type 1 cases. The four functions created for the 
discrimination had a low Wilks’ lambda value of 0.122, significant at the 99% 
confidence level (p<0.001). The strongest predictors were again sulfur content 
and low iron content. Impressive hit ratios were once again achieved, with the 
77.3% of original cases correctly classified being raised to 84.7% when 
specimens 0G19 and OG28, both obtained from Federal Lake City 0.223” 55 
grain full metal jacket cartridges, were re-entered as one combined specimen.
Having established that these residues can be well discriminated using CDFA, it 
was important to consider whether specimens could be correctly discriminated 
when using a small number of particles, more typical of what would be 
encountered in a real case. As an initial test, a CDFA was set up to discriminate 
the five SP residues (Federal 9 mm Luger 95 grain jacketed soft point 
ammunition) from the 2 HYD samples (Federal 9 mm Luger 124 grain 
Hydra-Shok® jacketed hollow point). All of these residues were collected from 
hands. To test whether the correlation between the duplicate HYD samples 
decreased when increasingly smaller numbers of particles were input into the 
model, random samples of 10, 8, 5 and 3 particles were selected using the 
random number generator add-in to Microsoft Excel®. These were then input 
into the CDFA along with the results for the other HYD sample and the five SP 
residues. The results can be seen in Figure 5-7. The test was repeated 3 times for 
each sample size with similar results.
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The results are as expected, with the correlation between the duplicate samples 
becoming increasingly poor as the sample size of one is reduced. This raises the 
question of whether small numbers of particles can still be correctly classified to 
their parent ammunition. In order to test this, three particles from each of the 
cartridge case residues were selected individually using the random number 
generator add-in to Microsoft Excel®. They were then removed fi*om the 
population of their respective specimen and re-entered into the model as an 
ungrouped test sample to evaluate the model’s capability to correctly classify a 
small number of particles. Typically in the UK, three is the lowest number of 
“characteristic” GSR particles required for a positive identification, and so these 
tests replicated the smallest test sample population likely to be encountered in 
casework. This procedure was repeated five times for each of the ammunitions 
and the summarised results can be found in Tables 5-2 and 5-3.
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OG sample 
number
Particles
No. correctly 
classified
No. misclassified 
with 2"^  highest 
group correct*
No. misclassified 
with 2"^  highest 
group incorrect*
3
14, 20, 25 3 0 0
1,28,29 2 1(16) 0
6,12,21 2 1(16) 0
8,18,24 3 0 0
4,11,13 3 0 0
4
8, 12,15 2 0 1 (16, 40)
2,16, 24 3 0 0
3,7,10 2 0 1(16, 40)
22,25, 30 2 0 1 (40, 16)
6,3,18 3 0 0
16
4,7,26 3 0 0
5,10,21 3 0 0
1,9, 14 3 0 0
12, 13, 16 3 0 0
7,19,20 3 0 0
21
1,4,18 3 0 0
12,22,28 3 0 0
7,11,21 3 0 0
3,9,29 3 0 0
14,20, 30 1 1(1Q 1 (3/4, 16)
40
5,6,22 3 0 0
7,13, 30 1 1(16) 1 (3/4, 16)
2 , t l 5 3 0 0
11, 15,29 3 0 0
1, 17,26 1 1(16) 1(16,21)
Percentage of total cases 85.3% 6.7% 8.0%
* The groups into which the cases were misclassified are displayed in brackets. In the last column, the 
initial group into which the particle was misclassified is displayed first
Table 5-2. CDFA results for a series of 3 particle test samples from Type 1 cartridge cases. 
Sample details can be found in Appendix IV
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OG sample 
number
Particles
No. correctly 
classified
No. misclassified 
with 2°^  highest 
group correct*
No. misclassified with 2°*^ 
highest group incorrect*
6
7,17,19 0 1(18) 2(18,19/28 & 19/28,18)
3,4,22 0 1(18) 2(18,19/28 619/28,18)
9,16,17 1 1(18) 1 (19/28,18)
23,27,28 2 1(18) 0
4,14,29 1 1 (19/28) 1 (18, 19/28)
18
2,8,25 2 0 1 (19/28)
3,6,8 1 1(6) 1 (19/28)
18,19,27 2 1(6) 0
7,12, 30 3 0 0
1,14, 16 1 2 (both 19/28) 0
19
9,20,29 3 0 0
13, 19,25 3 0 0
8,11,21 3 0 0
2,9,15 2 1(45) 0
4, 20, 25 3 0 0
28
10, 11, 16 3 0 0
2,23,24 3 0 0
1,2,6 3 0 0
4,18,29 3 0 0
3,6,17 3 0 0
45
8,10,23 3 0 0
4, 6,11 3 0 0
19,20,29 3 0 0
1,7,28 3 0 0
2, 3,16 2 1 (19/28) 0
Percentage of total cases 74.7% 14.7% 10.7%
* The groups into which the cases were misclassified are displayed in brackets. In the last column, the 
initial group into which the particle was misclassified is displayed first
Table 5-3. CDFA results for a series of 3 particle test samples from Type 2 cartridge cases. 
Sample details can be found in Appendix IV
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The results from the three particle tests are very eneouraging, with 85.3% of the 
Type 1 particles and 74.7% of the Type 2 particles correctly classified. The 
results for some specimens were excellent, with 100% of the particles tested for 
0G16 and OG28 being classified correctly.
If these results were to be used in casework in an attempt to conclusively identify 
the ammunition from which a sample of GSR had originated, acceptance criteria 
would need to be implemented. Based on these results, if two or more particles 
needed to be classified into a group for a positive identification, 82% of the tests 
would give a correct positive result, but there would also be a false positive 
result returned in 8% of cases. If all three particles had to be classified as 
belonging to the same group for that group to be positively identified as the 
parent ammunition, 68% of the three particle tests would give a correct positive 
result, with no false positives. Using this approach would only correctly identify 
the parent ammunition in just over two thirds of cases. In addition, as more 
specimens were added to the database, the levels of positive identification would 
be likely to fall for both of these approaches.
The results suggest that even for a sample size as low as three particles, the 
possibility of those particles having originated from certain ammunitions can be 
excluded with a good degree of certainty, as in the case of OG40. Although a 
few particles were misclassified, not one of them had OG3/4 as their highest or 
second highest predicted group, meaning the chance of those particles having 
originated from OG3/4 ammunition is small. Even for 0G6 which had the lowest 
percentage of correctly classified eases (26.7%), none of the particles were
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misclassified as OG45, inferring that it could be ruled out as being the parent 
ammunition.
This is the way in which the database would have to be used in future casework. 
If a sample of GSR was submitted for IBA and run through a CDFA test, the 
classifications obtained could only ever be used in an exclusionary manner. If all 
particles were to be classified as belonging to the same group, the conclusion 
could not be that the particles originated from that ammunition, but that they 
were unlikely to have originated fi*om any of the other ammunitions in the 
database. Even if all submitted particles were not classified as belonging to the 
same group, inferences could be made as to the unlikelihood of the particles 
originating from any ammunition that they had not been misclassified as 
belonging to. Even with only the eight ammunitions that have been analysed to 
date, the database could be an extremely useful discriminatory tool in GSR 
casework.
5.4 Discrimination of GSR collected from 
hands
In 2007, Brozek-Mucha demonstrated that GSR originating from the same 
ammunition, collected from cartridge cases and fi*om hands differed in elemental 
composition (137). A CDFA of GSR specimens originating from the same 
Federal 9 mm Luger 124 grain Hydra-Shok® jacketed hollow point ammunition, 
one collected from a cartridge ease and the other collected from hands, showed 
that they can indeed be well discriminated. The results of this CDFA can be seen 
in Figure 5-8.
112
Chapter 5 - Discrimination o f Heavy Metal Primers Using IBA
Canonical Discriminant Functions
OGsample
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Figure 5-8. CDFA results for GSR from the same ammunition collected from a cartridge case (16) 
and from hands (7&8). Sample details can be found in Appendix IV
It was therefore necessary to test whether IBA could discriminate between GSR 
samples from different ammunitions collected from hands as well as cartridge 
cases.
Further samples were obtained from the Metropolitan Police, Amelia Street, 
London. Particles of GSR were collected from hands using the same sampling 
procedure as that outlined in Section 5.2. Samples were collected from two 
separate firings of Federal 9 mm Luger 124 grain Hydra-Shok® jacketed hollow 
point, and one firing of Federal 0.357” Magnum. Twenty particles were located 
and analysed for each of the Hydra-Shok® firings. Table 5-4 shows the group 
membership prediction to be 100% successful when the five Federal 9 mm Luger 
95 grain jacketed soft point specimens from hands discussed in Section 5.2, and
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the two Hydra-Shok® specimens were each merged into one sample.
Classification Results^
Sample Predicted Group Membership
-1 7 Total
Original Count -1 86 0 86
7 0 40 40
% -1 100.0 .0 100.0
7 .0 100.0 100.0
a. 100.0% of original grouped cases correctly classified.
Table 5-4. Predicted group membership for five merged SP specimens and two merged 
HYD specimens. Sample details can be found in Appendix IV
Either due to an anomaly in the sampling procedure or the low yield of GSR 
produced by this type of ammunition, only five characteristic GSR particles were 
located for the Federal Magnum sample. This was therefore utilised in the 
analysis as a test sample. On adding the Federal Magnum specimen to the 
CDFA, seen in Figure 5-9, the hit ratio dropped to 97.7%. Three of the five 
Federal Magnum particles were correctly classified, with the other two 
misclassified to the other two ammunitions, one to each. There is a large distance 
between the group centroids for the Federal Magnum and the other two 
specimens. This suggests that if the Federal Magnum particles were indeed the 
subject of a real investigation as particles of unknown origin, the examiner 
would exclude the Federal 9 mm Luger 95 grain jacketed soft point and 
Hydra-Shok® ammunitions as potentially being the ammunition from which 
they originated.
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Canonical Discriminant Functions
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Figure 5-9. CDFA results for GSR collected from hands having fired three different ammunitions. 
Sample details can be found in Appendix IV
5.5 Summary
In this chapter, the combination of IBA and CDFA have proved to be successful 
in discriminating GSR from ammunitions classified by the current UK 
categorisation system as being of the same type. It has been demonstrated that 
the firearm does not have enough of an effect on the elemental composition of 
GSR to impact the discrimination. Successful discrimination of all makes of 
ammunition analysed has been demonstrated, with the models for specimens 
collected from both cartridge cases and hands achieving impressive hit ratios.
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The models would undoubtedly benefit from more speeimens, especially those 
collected from bands. This investigation has shown that should the funding be 
granted for the concerted implementation of a GSR database using IBA results, it 
could prove to be very effective in increasing the evidential value of GSR 
through the discrimination of different sources.
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Chapter 6 -  IBA for the Analysis of lead-free 
GSR
6.1 Introduction
This chapter investigates the applicability of ion beam analysis (IBA) to the 
analysis of lead-free gunshot residue (GSR). Studies such as the one carried out 
by Demmeler et ah in 2009 (138) have demonstrated that users of indoor firing 
ranges have elevated levels of lead in their blood. Some were even shown to 
have concentrations exceeding the 25 pg/dL level considered to be of eoneem by 
the Centers for Disease Control and Prevention (139).
As a result, manufacturers are coming under increasing pressure to remove lead 
from both their projectiles and primer formulations and lead-free ammunitions 
are becoming more prevalent. Most of the major ammunition manufacturers now 
produce a line of lead-free or “non-toxic” ammunition (2). The GSR produced by 
these non-toxic primers present a major problem for forensic examiners as it 
generally contains combinations of elements that are prevalent in the 
environment such as silicon, potassium, calcium and sulfur. They can no longer 
rely on lead-barium-antimony particles to give a positive identification of GSR. 
The problem, therefore, is not just being able to discriminate between GSR from 
different sources, but the more fundamental ability to identify a particle as being 
GSR at all.
Therefore, a feasibility study was carried out to determine whether the superior 
sensitivity of IBA over scanning electron microscopy/energy dispersive X-ray 
spectroscopy (SEM-EDS) could be utilised to detect elements less likely to be
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from the environment in the non-toxic GSR particles. The detection of more 
indicative elements in the same particles would add evidential weight to the 
positive identification of those particles being GSR.
6.2 NRA and PIGE for the detection of boron
Recently, the Sellier & Bellot (S&B) product Nontox® has come to prominence 
for being a so-called “nightmare” case for positive GSR identification (140). The 
primer formulation consists of organic initiators (tetrazene and pentaerythritol 
tetranitrate), potassium nitrate as the oxidizer, amorphous boron as the fuel and 
melted glass as a frictionator. The major components of GSR derived from this 
ammunition are potassium, silicon, carbon and oxygen with minor elements 
including sodium, magnesium and aluminium. All of these elements are 
prevalent in the natural environment (for example quartz can contain all of these 
elements) and therefore their detection in suspect GSR particles will not 
convince a jury that the particles were any more likely to be GSR than to have 
come from an environmental source.
The detection of boron in combination with these other elements has been put 
forward as being a characteristic composition for Nontox® GSR particles (140). 
However, SEM-EDS is unable to definitively confirm the presence of boron in 
these particles due to the overlap of the boron Koc line (0.18 keV) and the carbon 
Ka line (0.28 keV), given that the presence of high levels of carbon are 
inevitable due to environmental contamination and the fact that sample stubs are 
carbon coated prior to analysis.
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Therefore, a study using two different IBA techniques was carried out to see 
whether boron could be conclusively identified as being present in the GSR 
particles originating from this Nontox® ammunition.
6.2.1 NRA
The first technique to be evaluated was nuclear reaction analysis (NRA). The 
method followed was similar to that used by Vickridge et al. (141). Boron 
content was determined by detecting the a particles in the energy range 
0 -6  MeV emitted by the ^^B(p, a)^Be reaction. This reaction has a broad 
resonance at around 675 keV, so an incident proton beam energy of 700 keV was 
used to ensure that the a particles would be emitted from close to the surface of 
the particles, reducing the impact of energy loss. An 8 pm Kapton® film was 
placed over the face of the silicon surface barrier detector in order to exclude 
backscattered particles from the incident beam swamping the signal in this 
detector.
The only major interference in this energy range is from Whilst this isotope 
only has a natural abundance of 0.2%, oxygen is so prevalent that it was 
important to first make sure that the detection of oxygen was not going to 
influence the detection of boron. In order to test this, samples of borosilicate 
(NIST 89) and lead (BCR-126A) certified reference glasses were analysed as 
they both contained similar concentrations of oxygen (45% and 35% 
respectively) but only the borosilicate standard contained boron. The results from 
this analysis can be seen in Figure 6-1.
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Figure 6-1. Overlaid NRA spectra for NIST 89 borosilicate (black) and BCR-126A 
lead (green) certified reference glass standards. Note that green spectrum has 
near zero counts across energy range.
The broad spectrum given by the borosilicate glass confirmed that was being 
successfully detected. The flatline spectrum for the lead glass confirmed that 
was not being detected and would not influence the detection of assuming a
concentration of in the particles of less than ~ 0.07%.
In another study, Vickridge et al. determined that the and ^^ B a particles 
actually had different energies and therefore an energy window exists where only 
^^ B is being detected, not ^^0 (142). This can be seen in Figure 6-2. In samples 
containing both boron and oxygen, the a particle spectrum will actually appear 
as two broad peaks. The fact that the NRA spectrum obtained for the borosilicate 
glass in this study only exhibits a single broad peak is further evidence that ' is 
not exhibiting any appreciable interference.
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Figure 6-2. a particle spectra of United States Geological Survey standards containing both 
and "B (142)
Having ruled out any interference in this energy range, GSR particles were 
analysed from the Nontox® ammunition and two others that were not expected 
to contain any boron (S&B Sinoxid® and Rheinisch Westfalische Sprengstoff 
(RWS) Sintox®). The overlaid spectra for these specimens can be seen in 
Figure 6-2, and show that boron is only detected in the S&B Nontox® particles.
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Figure 6-2. Overlaid NRA spectra for GSR particles from three different ammunitions. 
Black -  S&B Nontox® Pink -  S&B Sinoxid® Blue -RW S Sintox®
Note that pink and blue spectra have near zero counts across energy range.
To ensure that the boron signal was coming from the GSR particles and not from 
the background stub, an a particle map for this energy range was created, seen in 
Figure 6-3, showing good spatial correlation with the X-ray maps of the major 
elements potassium and silicon. The maps show a large group of particles that 
were scraped from a cartridge case with a wooden stick.
100um 634484 PO K Kal (UniS)
Figure 6-3. Maps of a group of S&B Nontox® GSR particles. Left -  a particles from 
"B(p, a)*Be reaction Middle -  potassium X-rays Right -  silicon X-rays
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Whilst this NRA method showed that was present in the S&B Nontox® 
particles, it is not ideally suited to use in casework. This is due to the fact that the 
required proton beam energy of 700 keV gives PIXE cross sections of over an 
order of magnitude less for other elements of interest when compared with a 
beam energy of 3 MeV. Given that one of the strengths of IBA is that the suite of 
techniques can be used simultaneously, it would not be feasible to limit the PIXE 
sensitivity in such a way, and to change the instrumental setup between NRA 
and PIXE analyses would be prohibitively time-consuming. Therefore, another 
method was investigated for the detection of boron.
6.2.2 PIGE
The main advantage of using particle induced y-ray emission (PIGE) over NRA 
for the detection of boron is that the nuclear reactions for ^^ B and ^^ B that give 
rise to y-ray emission have appreciable cross sections at optimal beam energies 
for PIXE (2.5 -  3.0 MeV). This means that PIXE, Rutherford backscattering 
spectrometry (RBS) and PIGE data can all be collected simultaneously without 
the sensitivity of any one technique being compromised by the instrumental 
setup. The high-purity germanium (HPGe) y-ray detector required for PIGE 
analysis is too large to fit inside a conventional microbeam chamber, and 
location outside the chamber is difficult because the y-rays are attenuated by the 
stainless steel chamber walls. To overcome this, a thin (4 mm) aluminium port 
was manufactured and fitted to the chamber in order that y-rays could exit the 
chamber and be detected by the HPGe detector resting just outside the port. The 
detector was shielded on all sides by lead blocks. A photograph of the setup can 
be found in Figure 3-1 in Chapter 3.
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The boron nuclear reaetion with the highest cross section at 3 MeV is 
aiy)^Be and emits y-rays with an energy of 429 keV. The only possible 
interference is from lithium, as the ^Li(p, Uiy)^Be reaction also emits y-rays with 
an energy of 429 keV. However, this is not the lithium nuclear reaetion with the 
highest cross section. The ^Li(p, piy)^Li reaction has a higher cross section and 
emits y-rays with an energy of 478 keV. Therefore, if a PIGE spectrum has a 
peak at 429 keV with no peak at 478 keV, it is eonfirmed that boron is present 
rather than lithium. Boron also has peaks with lower cross sections in the PIGE 
spectrum at 718 keV (‘“B(p, piy)'"B) and at 2125 keV ("B(p, Pi7 )"B). PIGE 
analysis of a S&B Nontox® partiele yielded the speetrum in Figure 6-4.
™"i Black -  Particle
j B lue-Stub
B (2125 keV)Na (440 keV)
B (429 keV)
380 400 420 440 460 480 500 520 540 560 580 600 620 640 680 680
Energy (keV)
Figure 6-4. Overlaid PIGE spectra for S&B Nontox® particle and blank stub
The PIGE analysis also facilitates the detection of sodium, an element too light 
to detect with most conventional PIXE setups due to the low energy X-rays 
being attenuated by the filter used to protect the X-ray detector from 
backscattered particles. Sodium is another element that ean be problematie for 
SEM-EDS examiners to positively identify as being present in GSR due to the
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overlap between the sodium Ka line (1.04 keV) and the zinc La line (1.01 keV). 
In order to be as eonfident as possible that the boron and sodium signals were 
indeed coming from the partiele and not from the baekground, gamma ray maps 
were obtained, shown in Figure 6-5.
“’B(429 keV) "B (2125 keV) (440 keV)
Figure 6-5. Boron and sodium y-ray maps for Nontox® GSR particle
6.3 Maximising evidential value of lead-free 
GSR with IBA
In this section, results will be presented that demonstrate how the superior 
sensitivity of particle induced X-ray emission (PIXE) over SEM-EDS for GSR 
analysis that was shown by Bailey et al. (32) for lead-based ammunition can also 
be applied to the GSR derived from lead-free ammunition. It should be noted 
that the data presented in this section has not been analysed using the protocol 
outlined in Chapter 4. This was due to the fact that the adhesive stubs (3M 
pressure sensitive tape) used by this study’s collaborators (Arma del Carabinieri, 
Parma, Italy) to colleet the GSR had much higher levels of minor elements of 
interest, such as iron and manganese, than the stubs used in the previous chapters
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of this thesis. This meant that an attempt to implement a background subtraction 
procedure, similar to that in Section 4.4, was unsuccessful. The concentrations of 
iron and manganese were reduced to below 3 times the limit of detection, even 
though their presence in the particles could be clearly seen in the X-ray maps.
Therefore, elements were only reported as being detected if they met one of two 
criteria. Either their X-ray maps showed spatial correlation with the X-ray maps 
of the major elements in the particle, or they were detected in the point scan of a 
particle having not been detected in any of the point scans of the blank stubs. 
The second condition was only used in the case of elements that take a very long 
time to map due to their low X-ray cross sections, such as mercury.
It should be noted that the particles presented here are a selection that best 
showcase the detection capability of IBA. There are some particles for which 
IBA detects no more elements than SEM-EDS, but this was not typical.
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Cl Cu
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Figure 6-6. SEM image and EDS spectrum for particle of 9 mm Luger CBC CleanRange®
In the 9 mm Luger Companhia Brasileira de Cartuchos (CBC) CleanRange® 
partiele presented in Figure 6-6, SEM-EDS is suecessful in detecting sodium, 
aluminium, silicon, chlorine, potassium, ealeium and eopper. However, IBA 
additionally detects boron, iron, nickel, zinc and barium, as shown in the maps in 
Figure 6-7. The superior deteetion capability of IBA would allow a forensic 
examiner to be mueh more confident in identifying this partiele as being GSR 
having coincidentally detected five more elements, all of whieh are consistent 
with GSR, and with boron and barium particularly unusual in the natural 
environment.
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Another element that was detected by PIXE was ehromium, the X-ray map of 
whieh is shown in Figure 6-8.
■lOum 640033 PO Or Kal (UniS)
' *
Figure 6-8. Left -  Chromium X-ray map for 9 mm Luger CBC CleanRange® particle
Right -  Chlorine X-ray map for 9mm Luger Fiocchi ZeroPollution® particle
However, due to the prevalence of chromium in the area of stub around the 
partiele, it could not be confidently stated that chromium was present in the 
particle and it was removed from the list of detected elements. However, in a 
similar situation involving chlorine in a Fiocchi ZeroPollution® particle, also 
shown in Figure 6-8, chlorine had previously been detected in the partiele by 
SEM-EDS. SEM-EDS does not sample the stub through a - 2 0  pm particle and 
therefore chlorine could be confirmed as being detected in the partiele, despite 
the ambiguity in the PIXE X-ray map. This is a demonstration of the 
complementary nature in which these techniques would be used in real 
casework.
Figure 6-9 presents SEM-EDS and PIXE spectral overlays for four GSR 
particles, each originating from a brand of ammunition known to produce 
particles that are challenging to positively identify as GSR in casework (143).
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In Figure 6-9, overlay 1 shows that PIXE detected iron in the Nobel Sport 12 
gauge particle where SEM-EDS did not. The fact that PIXE detects the K lines 
for the heavy elements antimony and barium is also useful, as it eliminates any 
ambiguity with overlaps between antimony La (3.60 keV) and tin La (between 
3.19 and 4.34 keV) or calcium Ka (3.69 keV), or between barium La (4.47 keV) 
and titanium Ka (4.50 keV). Whilst scanning electron microscopy with 
wavelength dispersive X-ray spectroscopy (SEM-WDS) could be used to 
overcome the peak overlap problem, it still has inferior sensitivity to trace 
elements when compared with PIXE, and analysis time would be longer due to 
the need to analyse one element at a time.
Overlay 2 shows that for the cartouches d’ordonnance Suisse particle, PIXE 
detected zinc and mercury in addition to the sulfur, potassium and copper 
detected by SEM-EDS. The detection of copper and zinc in the same particle 
adds weight to the identification of this particle as GSR as they originate from 
the brass cartridge case. The presence of mercury is particularly significant as it 
originates from the mercury fulminate primer used in this ammunition, and 
mercury is highly unlikely to be found in particles of environmental origin.
Overlay 3 shows that titanium, chromium, manganese and nickel were detected 
with PIXE to add to the silicon, potassium, zirconium, aluminium, calcium and 
iron already detected by SEM-EDS. Overlay 4 shows that PIXE detects copper 
and zinc in the HP Schadstoffreie Zundung particle where SEM-EDS did not. 
This particle was collected from hands, showing that PIXE adds evidential value 
to GSR collected from both cartridge cases and hands.
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6.4 Summary
In this chapter, the application of IBA for the analysis of lead-free GSR has been 
demonstrated. Two different methods have been presented that, for the first time, 
detect boron in S&B Nontox® particles without any interferents. The PIGE 
method is favoured due to the fact that it can be run with an instrumental setup 
that is optimal for other IBA techniques. The superior detection capability of 
PDŒ and PIGE over SEM-EDS has been shown to increase the number of 
elements consistent with GSR that were detected in particles originating from a 
number of different problematic ammunitions, thus outlining how IBA will 
continue to be useful and relevant in solving the future problems facing GSR 
examiners, as manufacturers increasingly remove the characteristic heavy metals 
from their primer formulations.
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Chapter 7 - Conclusions and Further Work
7.1 Conclusions
The aim of this thesis was to investigate the feasibility of using ion beam 
analysis (IBA) techniques for the analysis of gunshot residue (GSR) in future 
police casework. This aim has been achieved through a number of systematic 
experiments studying the practicalities of how IBA can be utilised, the way in 
which the increased discrimination power of IBA over scanning electron 
microscopy/energy dispersive X-ray spectroscopy (SEM-EDS) can be used to 
discriminate between different sources of GSR, and how IBA will continue to be 
important in the future as manufacturers move increasingly towards the 
production of heavy metal free ammunitions.
The results presented in this thesis demonstrate how IBA is well-suited to the 
analysis of GSR in forensic casework with no requirement for there to be any 
alteration to the current sample collection and handling procedure. The methods 
that have been developed are fast, robust and results have been shown to be 
reproducible.
This research has shown that the use of a database of GSR results from different 
ammunitions using IBA could be of real value in criminal casework. GSR from 
every ammunition that was analysed could be discriminated from every other 
ammunition. This has huge implications regarding cases in which a firearms 
officer has been involved in an arrest leading to possible GSR transfer and in 
cases involving multiple weapons and/or ammunitions. The current classification
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system for GSR in the UK only has 5 broad “Types”. GSR recovered from a 
suspect could now be analysed by IBA and the results run against the statistical 
models that have been created in order to exclude certain individual ammunitions 
as having been the origin of the GSR. This level of discrimination power is 
unprecedented.
The ability to relocate particles as small as 1 pm that have been previously 
analysed by SEM-EDS has been demonstrated. This means that IBA could be 
used to analyse some of the smallest GSR particles encountered in casework. A 
fast, efficient spectral fitting protocol has been implemented to allow the 
comparison of the quantitative elemental composition of GSR particles. A robust 
background subtraction method has been devised which improves the confidence 
with which elements can be identified as being present in GSR particles. A 
damage test has been conducted showing no measurable change to the elemental 
composition of a GSR particle despite an unrealistically long analysis time. This 
means that IBA could be used to analyse real casework samples without the risk 
of degrading the integrity of the sample prior to any subsequent analysis that 
may be required. However, it should be noted that IBA would only be feasibly 
used in high profile cases due to the greater cost and more limited availability 
when compared with SEM-EDS.
The superior discrimination potential of IBA over SEM-EDS has been 
demonstrated for both GSR particles obtained from cartridge cases and those 
collected from hands by virtue of a series of canonical discriminant function 
analyses (CDFA). The ways in which the statistical models created could be used
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in real casework have been discussed, with the conclusion that whilst inferences 
could be made about the parent ammunitions of the GSR, the databases should 
only ever be used in an exclusionary manner rather than for definitive 
identification, following the recommendations of Cole’s article of 2009 (41). 
The firearms used to discharge the cartridges were not found to have a large 
enough effect on the elemental composition of the GSR so as to affect the 
discrimination.
The ability of PIXE to increase the number of elements detected in lead-fi*ee 
GSR when compared with SEM-EDS was demonstrated. The fact that PIXE 
could detect elements such as mercury, nickel, and barium in these particles 
means that there is a large scope for PIXE to be used in the positive 
identification of heavy metal free GSR particles in fiiture casework. Boron has 
been detected in the GSR derived from Sellier & Bellot (S&B) Nontox® 
ammunition using nuclear reaction analyses (NRA), meaning that particles fi*om 
this ammunition can be classified as being characteristic of GSR for the first 
time.
Through this research, it has been demonstrated that IBA could:
• be used in casework with no need to change current methodologies,
• improve the discrimination potential between GSR from different 
ammunitions, and
• be used to help solve the growing problem of positively identifying GSR 
fiom heavy metal fi*ee ammunitions.
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7.2 Further Work
Whilst the work in this thesis has contributed a great deal of knowledge to the 
field of GSR analysis, there are a number of avenues still left to explore in order 
to fully realise the potential of IBA for this application.
Experiments could be carried out to assess whether including particles in the 
statistical models that are consistent with GSR (lead-barium, barium-antimony) 
in addition to those considered characteristic of GSR (lead-barium-antimony) 
could improve the discrimination between different brands of ammunition. There 
would also be value in conducting a study into whether the elemental 
composition of GSR particles from the same brand of ammunition differed if 
they were manufactured several months, or even several years apart. This would 
allow the analyst to ascertain to what extent, if any, the composition of the 
primer is changing over time. This could lead to being able to infer not only 
which ammunition was used in a shooting incident, but also during what time 
period it was manufactured.
Whilst the reproducibility of the IBA analysis of GSR particles has been 
demonstrated for the analyses carried out at the Surrey Ion Beam Centre, this 
should be further tested in the future by virtue of a robust round robin study 
involving other IBA laboratories around Europe. Should the results of the 
analysis be shown to be reproducible, it could pave the way for the creation of a 
database that could be used around the world for the discrimination of GSR from 
different sources.
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In order to utilise the potential of IBA for the analysis of GSR to its fullest, grant 
applications are in place to facilitate the installation of a modified end-station to 
the existing setup at the Surrey Ion Beam Centre. The end-station would allow 
the integrated analysis of GSR particles using SEM-EDS in addition to 
PDŒ/RBS/PIGE with a - 100 nm proton beam, all without having to remove the 
sample stub from the vacuum chamber. Existing software packages would be 
modified in order to facilitate the world’s first automated IBA system for 
particulate samples. The funding for the first phase of this project has already 
been granted. Should the project be carried through to completion it could lead to 
the Surrey Ion Beam Centre becoming a “one-stop-shop” for GSR analysis. The 
Centre could also then gain more widespread credibility by participating in the 
European Network of Forensic Science Institutes (ENFSI) GSR proficiency test 
(144), an annual international round robin analysis that uses a standard 
particulate sample to test the analytical capability of individual laboratories.
Work is on-going to expand the statistical models with GSR from more different 
types of ammunition. Following that, the next step would be to collaborate with 
the Police and forensic service providers and use IBA in real GSR casework. 
Initially, IBA would be well-suited to cold cases for which there are less 
stringent time constraints, allowing all parties to become familiar with the new 
procedures. IBA could then go on to be used in live, high profile cases.
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Appendix I
Appendix I
Relocation with ion beam of 1 pm Federal 9 mm Luger 95 grain jacketed 
soft point GSR particle previously analysed by SEM-EDS. X-ray maps of 
major element barium presented once maps were small enough to generate 
appreciable counts.
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■200um 640064 S3 Sem(UniS)
1 mm X 1 mm secondary electron map (Ion beam left -  SEM right)
lOOum 640065 B3 Sem(UniS)
500 pm X 500 pm secondary electron map (Ion beam left -  SEM right)
■50um 640066 B3 Sem(UniS
250 pm X 250 pm secondary electron map (Ion beam left -  SEM right)
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150 pm X 150 pm secondary electron map (Ion beam left -  SEM right)
100 pm X 100 pm secondary electron map (Ion beam left -  SEM right)
75 pm X 75 pm secondary electron map (Ion beam left -  SEM right)
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Appendix III
Appendix III
Box plots of sulfur, antimony, barium and lead in specimens of GSR from 
Federal 9 mm Luger 95 grain jacketed soft point ammunition fired from 
five different weapons. 3 MeV H beam focussed to ~ 3 x 3 pm, beam 
current 750 pA, acquisition time 5 minutes per particle. The top of each box 
represents the upper quartile, the bottom of each box represents the lower 
quartile and the whiskers represent the range of the data.
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N.B. The concentration calculated for Ba is above 1,000,000 ppm for some 
particles. This is due to the inaccuracy in the spectral fitting, discussed in 
Section 4.3. The relative concentrations between particles are valid.
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Appendix IV
Appendix IV
Sample
Label
CDFA
Identifier Type Ammunition Name Source Firearm
Beam
Energy
Beam Current 
and Spot Size
0G6 6 2
Federal American 
Eagle 5.56 mm FMJ 
62 grain
Cartridge Unknown 2.5 MeV 650 pA, 4.5 X 4.5 pm
0G16 16 Federal 9 mm Luger 
124 grain 
Hydra-Shok® 
Jacketed Hollow 
Point
Cartridge Unknown 2.5 MeV 3nA,4.5 X 4.5 pm
HYDl 7 1 Hands Clock 19 3.0 MeV 500 pA, 3 X 3 pm
HYD2 8 Hands Clock 19 3.0 MeV 500 pA, 3 X 3 pm
0G18 18 2
Federal Lake City 
5.56 mm 55 grain 
soft point
Cartridge Unknown 2.5 MeV 650 pA, 4.5 X 4.5 pm
0G19 19
2
Federal Lake City 
0.223” 55 grain full 
metal jacket
Cartridge Unknown 2.5 MeV 900 pA, 4.5 X 4.5 pm
OG28 28 Cartridge Unknown 2.5 MeV 900 pA,4.5 X 4.5 pm
0G21 21 1 L60A1 37mmAEP baton round Cartridge Unknown 2.5 MeV
3 nA,
4.5 X 4.5 pm
OG40 40 Cartridge Unknown 2.5 MeV 3 nA,4.5 X 4.5 pm
MAG 9
1 Federal 0.357” Magnum Hands
Smith and 
Wesson 
686 
revolver
3.0 MeV 500 pA, 3 X 3 pm
OG45 45 2
Federal Premium 
American Eagle 
7.62 mm eenterfire 
124 grain full metal 
jacket
Cartridge Unknown 2.5 MeV 750 pA, 4.5 X 4.5 pm
0G3 3 Cartridge Unknown 2.5 MeV 3 nA,4.5 X 4.5 pm
0G4 4 Cartridge Unknown 2.5 MeV 3nA,4.5 X 4.5 pm
SPl -1 Hands SIC Sauer P226 3.0 MeV
750 pA, 
2 X 3 pm
SP2 -2
1
Federal 9 mm Luger 
95 grain jacketed soft 
point
Hands SIC Sauer SP2022 3.0 MeV
750 pA, 
2x3 pm
SP3 -3 Hands Clock 17 3.0 MeV 800 pA, 2 X 3 pm
SP4 -4 Hands
Smith and 
Wesson 
5946
3.0 MeV 650 pA, 3 X 3 pm
SP5 -5 Hands
Heckler 
& Koch 
USP
3.0 MeV 800 pA, 2 X 3 pm
List of samples used in Chapters 4 & 5 with their experimental conditions
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